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"Study the science of art. Study the art of science. Develop your sensesLearn how to see.
Realise that everything connects to everything else."

-Leonardo Da Vinci

Abstract

Selective interactions occurring between antigen and antibody have been studied intensively
fo r developing bio-sensing platforms, however antibodies suffer from shorter shelf-life and
high cost o f production. Molecularly Imprinted Polymers (MIPs) on the other hand have drawn
huge attention as antibody analogs for their advantages over natural antibodies. Increased
research undertaken in this area for over two decades has made it possible to develop MIP
nanoparticles that are currently dubbed as the most suitable alternatives to natural antibodies.
MIP preparation is cost-effective and also offers flexibility in developing different polymer
formats by different methods. However, the resulting MIPs are found to be considerably
different due to different experimental variables associated with different methods. This has
been one of the biggest challenges in developing MIPs for commercial applications in spite o f
their excellent recognition performances shown in lab experiments.

To this end, the research undertaken in this project has been executed by performing three
case studies where novel recognition polymers have been prepared in different experimental
conditions and different formats. Particularly, the study o f physical properties of the polymers
and their influence on their analyte recognition performance is at the heart o f all three case
studies performed during this project.

The study presented in Chapter 3 has investigated microwave reactor led thermal
polymerisation as a potential alternative method for the preparation o f MIP monoliths,
whereas the study presented in Chapter 4 has investigated into developing novel polymers as
potential recognition materials fo r ToxiQuant technique which is used for mycotoxin detection.
The study presented in Chapter 5 proposes a novel approach for the development o f MIP
nanoparticles fo r selective oligonucleotide recognition. The prepared polymers have been
analysed for their physical properties (such as, surface area, particle size, zeta potential, crosslinking degree, pore volume, thermal stability) and analyte recognition performance. The
obtained

results strongly

recommend

that the

experimental

parameters

used

for

polymerisations are well reflected in the physical make o f the resulting polymers and have
further consequences on their analyte recognition performance. Study o f the physicochemical
properties o f the polymers and their underlying causes may help in developing more
consistent, predictable and selective recognition polymer materials.
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Chapter 1
Introduction to the thesis

This introduction explains the research questions involved in conducting this project and
describes the structure of the thesis entitled "Studies of Physical Properties on the
Performance o f Novel Recognition Polymers".

The project has been designed as a result of the Open University's industrial collaboration with
Toximet Ltd. through an OU charter PhD studentship. It has also been a part o f an extended
research network formed together with other teams of researchers around the UK exploring
similar research domains for the development o f recognition polymers, based on the principle
o f molecular imprinting. This is an established technique allowing the preparation of tailormade polymer materials which are capable o f selectively recognising an analyte o f interest.

Molecularly imprinted polymers (MIPs) can be prepared in different formats by using different
polymerisation methods. This allows recognition of a huge variety o f compounds from
biomolecules to bacterial cells; and from drug molecules to toxins. At the same time, the use
o f different methods and different polymerisation conditions often generate polymers with
significantly different properties.

Some studies have already identified the importance o f studying various experimental
conditions o f the MIPs since they largely reflect the properties o f the resulting MIPs. However,
there is a strong need to understand whether the observed properties o f the MIPs reflect
further in their recognition performance. This is particularly important fo r developing
alternative or newer polymerisation methods for MIP preparation since traditional methods
have suffered from batch-to-batch variability in resulting polymers. Moreover, the studies
reported so far have mainly investigated traditional polymerisation methods, whereas
alternative polymerisation methods may have their own experimental conditions which may
impart different effects on the polymer properties and recognition performance.

The collaborative work carried out between the financial sponsors, Toximet and The Open
University has led to three case studies which have been performed during the course o f this
PhD studentship. These studies have explored development o f polymer materials fo r the
recognition and selective binding of caffeine, aflatoxin and oligonucleotides.

Each study has been presented as a separate chapter in this thesis and each chapter consists of
a brief introduction to the study which is supported by a review of literature. This introduction
and review is then followed by an experimental section discussing the materials, the chemicals
and analytical techniques used for the preparation and analysis of the particular polymers

under study. A results section presents, discusses and summarises the findings obtained from
the specific study. An outlook on the potential future work in the area is also discussed in the
end. The chapters involving these case studies are briefly described here.

Chapter 3 investigates microwave (MW) polymerisation as an alternative method to prepare
MIPs. More importantly, it produces a coherent study which investigates the effects o f several
underlying experimental parameters on the physical properties and recognition performance
o f the resulting MW MIPs.
For the first time, a comparative analysis o f the MW polymerisation has been reported along
with the traditional methods, such as oven and UV polymerisation. The study also marks the
first attempt of investigating the effect o f different experimental conditions o f a MW
polymerisation on physical properties and recognition performance of the MIPs.

Chapter 4 involves the study for developing polymers as potential materials to be used in
ToxiQuant technology (developed by Toximet Ltd.) fo r the recognition of aflatoxins. The
particular polymer used in this study is based around a previous study carried out by a
collaborative project based at Cranfield University by Joanne Kumire. These recognition
polymers are not MIPs but have been developed by similar protocols as those used for
preparing caffeine imprinted polymers to ensure comparable experimental conditions.
Following the core objective of the thesis, the study attempts to investigate the effect of
polymerisation conditions on the physical properties and recognition performance o f these
polymers. Here, the polymers have been prepared in different formats (monoliths and
microparticles) by using different polymerisation methods (MW, thermal, UV) fo r a
comparative study.
Due to the withdrawal of research support from Toximet in later stages o f the project, some of
the developed microparticles are yet to be analysed fo r their mycotoxin recognition
performance and this is noted in the relevant further work section. However, this study
already provides a comprehensive report on the development and analysis of polymer
monoliths prepared by MW polymerisation for mycotoxin recognition. The study also provides
a comparative outlook on the physicochemical properties of MW polymers presented in
Chapter 3 for caffeine recognition, hence has been included in this thesis.

Chapter 5 is based on the development of polymeric nanoparticles (NPs) for the recognition of
oligonucleotide sequences. Solid phase nanoparticle synthesis for molecular imprinting has
been combined with DNA sequence modification to generate oligonucleotide imprinted MIP
NPs. The observed selectivity and specificity o f these NPs towards a template oligonucleotide
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has been achieved by incorporating a polymerisable complimentary oligonucleotide into the
polymer backbone relying on the base pair recognition according to Watson-Crick's DNA
model.
In the presented study, a unique modification strategy o f the oligonucleotide monomer has
been introduced to allow its incorporation into polymer NPs w ithout affecting the size and
shape but with improved dispersibility o f the resulting OligoMIP NPs. The study incorporates
development strategy, physical analysis and template recognition analysis o f the prepared
OligoMIP NPs.
While this work is not directly linked to those presented in Chapters 3 and 4, the
physicochemical analysis and novel development strategies are a unique study which
significantly expands on the imprinting field and understanding o f the recognition properties of
the MIPs.

Around these three core studies, an introduction and supportive discussion is presented. The
review o f literature presented in Chapter 2 introduces the technique o f molecular imprinting
through the concept of selective molecular recognition. It then provides a brief history o f the
development o f the molecular imprinting technique and also briefly discusses different types
o f molecular imprinting technique. The literature review then also discusses different
experimental parameters and polymerisation components involved in molecular imprinting an
emphasis is on studying their effect on the physical properties as well as recognition
performance o f the resulting MIPs. Chapter 6 consists o f general discussion by summarising all
the three studies presented and presents final comments and conclusions. Finally a
bibliography and appendices, which include published papers, are presented.
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Chapter 2

2.1. Preface
This chapter discusses various aspects of developing polymeric materials by using molecular
imprinting technique. The unique strategy o f molecular imprinting allows selective recognition
o f the target analyte at the molecular level. Therefore, in this thesis MIPs have been discussed
through the concept o f selective molecular recognition. The discussion then extends further
describing how the modern molecular imprinting concept has evolved, what its principle is and
what different methods are used for imprinting a wide range o f target analytes within MIP
polymer matrices.

This thesis describes three studies that look at the physical properties o f recognition materials
that are created in a novel manner. Therefore, this introductory chapter discusses the effects
of each polymerisation component (such as initiator, monomers, porogen etc.) on the property
of resulting polymers. The discussion continues with the likely effects of various experimental
parameters as well (such as, temperature and time) and explains how they are linked to not
only the physical make-up but also the template recognition performance o f the resulting
MIPs. This is followed by the discussion on different MIPs formats, methods o f their
preparation, their advantages and also the limitations when used as recognition materials. The
chapter summarises the literature presented from the perspective of the aim o f this study and
briefly discusses the future outlook on the development o f MIPs for bio-chemical diagnostic
applications. Finally a brief description of why this work was performed and where it fits into
the larger picture o f recognition polymers is also covered.
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2.2. The concept of "specific molecular recognition"

Specific interactions occurring between substrates at molecular level are at the heart of
complex biochemical reactions. For example, selective interactions between antigens (Ags)
and antibodies (Abs) are vital in carrying out immune responses to protect us against
pathogens. Such specific recognition is favoured through one's complementing chemistry with
its counterpart. An Antibody (Ab) is complimentary to an antigen (Ag) and is generated by the
cells in our immune system in response to Ags we are exposed to (such as, bacteria, virus or
toxins). Once produced, Abs then selectively interact with the Ags via several non-covalent
interactions (hydrogen bonds, van der Waal's force, electrostatic interactions and hydrophobic
interactions) followed by a series o f cell signalling mechanisms which destroys the Ag and
thereby prevents it from harming our cells (1). Likewise, a drug molecule also binds to its
receptor present on the target cells via similar selective molecular interactions and produces
its therapeutic effect.

This very fundamental principle has been widely explored for the separation and/or
recognition of target analytes in techniques such as, ELISA (Enzyme Linked Immuno Sorbent
Assay)

and

im mu no-affinity

chromatography

assays (2,3).

In these techniques,

Ab

complimentary to the target analyte are immobilised on a solid surface (4,5). If analyte o f
interest is present in the sample (for example, protein biomarkers in a disease condition), its
selective interaction with the immobilised Ab takes place which is then transduced further as
electrochemical, thermal or optical response (6). As a result o f these responses, it can be found
out whether or not the analyte is present in a given sample (7). Despite of the sensitivity of
these bio-sensing techniques, costs of producing and maintaining Abs is a major concern. Abs
are also non-reusable and have a shorter shelf-life due to its sensitivity to temperature, pH and
protease enzymes (8).

In this regard, synthesising artificial biomolecules or materials in the laboratories with
improved stability, affinity and specificity may help in overcoming existing limitations faced by
Abs and other natural bio-macromolecules, such as, nucleic acids. However, it may also be
extremely challenging to prepare synthetic materials with equivalent recognition performance
to that o f its biological counterparts. For example, in vitro amplification and isolation o f nucleic
acid segments for the detection o f target molecules is quite elaborate but they are more stable
than biological Abs (9).
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Such genes are single stranded non-biological oligonucleotide sequences with average
molecular weight o f 8-12 kDa having 20-100 residues o f either DNA or RNA which can be
generated for a specific target, such as drugs, proteins and even cells through in vitro selection.
Once the target selective single gene strand is identified, it is then amplified using PCR
(Polymerase Chain Reaction) (10,11). This technique is referred to as SELEX (Systematic
Evolution o f the Ligands by Exponential Enrichment) and the desired gene sequence has ever
since been referred to as an aptamer (9). As aptamers are generated in vitro and don't involve
activation o f an immune system o f animals, they can be prepared for the targets that are nonimmunogenic where Abs show limited use. Unlike Abs, aptamers can also be used at a wide
range of pH and temperature, can be fluorinated, immobilised and regenerated after use
which makes them ideal for immunoassay or biosensor applications (9). However, screening
process of aptamers by SELEX is very elaborate, expensive and their secondary structures are
sensitive to the organic solvents used in bio-sensing applications. More importantly, they are
also sensitive towards the nuclease enzymes found in serum and are easily broken down which
makes it challenging to use them for in vivo applications as well (10). On the other hand,
although synthetic polymers can be synthesised to have improved stability than that o f Abs or
aptamers, traditional polymers alone may struggle to match the selective recognition
performance with that of the mentioned biomolecules.

Synthetic materials such as molecularly imprinted polymers (MIPs) can be prepared with more
flexibly and with improved stability too (12). Some common differences between Abs and
MIPs have been summarised in Table 2.1.
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Table 2.1: Summary o f the differences between Abs and MIPs, regenerated from (12-14)
Antibodies

MIPs

Produced biologically from animals (mice) or

Direct artificial synthesis

from bacteria (phage)
Expensive

Relatively inexpensive

Sensitive to temperature and pH; stored only

Stable across a vast range o f temperature

in lyophilised form

and pH; can be stored easily

Shorter shelf-life

Longer shelf-life

Target has to be macromolecular (12-15KDa)

Target is flexible but works best with lower
molecular weight (<1 KDa)

Works precisely even at very low analyte

Precision depends on how well optimised

concentrations

the polymer recipe is

Has only one or two analyte binding sites per

Has multiple binding sites on one particle

antibody
Can be used only in aqueous solvents

Can be used in both organic and aqueous
solvents

Needs conjugation prior to analyte detection

Target analytes can be detected directly

Have homogenous binding sites

More chances o f having heterogeneous
binding sites; could be rectified by careful
optimisation o f the polymerisation recipe,
method and analysis

Section 2.3 discusses various aspects related to the development o f the MIPs as selective
recognition materials.
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2.3. Molecularly imprinted polymers: synthetic antibody analogs

Molecular im printing has become an established technique for several decades to produce
synthetic polymers which are capable of exhibiting selective molecular recognition o f the
target

analyte

(12,15,16).

Different

formats

of

the

MIPs

including,

monoliths,

micro/nanoparticles, membranes etc. have been widely studied for their use as Ab analogs in
immunoassays

(14,17-19),

biosensors

(20,21),

solid

phase

extraction

(SPE)

and

chromatographic separations (22,23). Recent studies have also reported the use of MIPs for in
vivo applications that has opened a completely new dimension for their potential use in
various biological and therapeutic fields as well (1).

2.3.1. Historical aspects o f molecular imprinting
Although molecular imprinting is a recent approach, similar concepts have been practiced
since the early 20th century. The first imprinting like study was reported by Polyakov in 1931
where silica was polymerised in the presence o f solvents such as, toluene, benzene and xylene.
Silica was then dried and solvent additives were re-introduced subsequently. It was observed
that silica bound more selectively to the specific additive it was prepared with compared to
other solvent additives (16). Followed by this, some interesting attempts were also made by
Pauling and co-workers in 1942 to prepare antibodies by imprinting an Ag into it but their
attempts were largely criticised fo r the differences in their understanding about the Ab
structure. However, the method they suggested was quite similar to the concept o f imprinting
being used today.

Shortly after this in late 1940s, Pauling's student Dickey followed the same concept but this
time it was applied for the synthesis of modified silica gels to imprint various dye additives
(24). Silica was then polymerised in the presence of methyl orange dye; the dye was then
removed and rebound. Upon rebinding the same dye, methyl orange was recognised better
than other structural analog additives, such as ethyl orange. This remarkable work was largely
appreciated by many scientists and since the term 'im print' was used as the footprints o f the
analyte (16,24). In spite o f these efforts, it was not until the 1970s when fo r the first time
W ulff (25) and Takagishi (26) actually came up with the modern concept of imprinting a small
molecule to form various organic polymers which were then referred to as molecularly
imprinted polymers (MIPs) for selective molecular interactions, creating the field as we know it
today. Section 2.3.2 discusses the principle o f the molecular imprinting technique.
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2.3.2. The principle of molecular imprinting
MIPs are prepared by a little modification o f the traditional polymerisation method by
inclusion of the target (template) in the polymerisation mixture itself. The tem plate is chosen
depending

on

the

area

of

application

anywhere

from

small

molecules

(such

as,

pharmaceuticals, toxins or pesticides) to bio-macromolecules (such as, peptides, nucleotides
or whole protein) to even microorganisms (23,27,28).

The pre-polymerisation mixture of a MIP consists o f functional monomers, cross-linking
monomers (cross-linkers), free radical initiator, pore form ing solvent (porogen) and the
tem plate. Figure 2.1 describes the process o f MIP form ation.

O m
Covalent
modification

w
d

C

Non-covalent
assembly

Monomers +
Cross-linkers

Template

Template
removal from
the polymer
matrix

-♦■Template
-Template

tM

kj

Figure 2.1: The schematic representation o f the preparation of molecularly im printed
polymers, (a) monomer-template assemblies formed by covalent or non-covalent (hydrogen
bond, electrostatic and hydrophobic) interactions, (b) polymerisation o f the m onom ertem plate assemblies in the presence of a cross-linker, (c) removal o f the tem plate from the
cross-linked polymer matrix by hydrolysis and (d) repetitive template rebinding into the pre
form ed cavities w ithin the polymer matrix; adapted from (29).

In a classic free-radical polymerisation experiment, the m onomer is chosen on the basis o f its
ability to interact selectively w ith the tem plate to form m onomer-tem plate complexes by
covalent or non-covalent interactions (such as, H-bonding, electrostatic interactions, Vander
Waal's interactions and ionic bond form ation) between the tem plate and the m onom er (as
seen in Figure 2.1a). These pre-formed monomer-template complexes along w ith other
components o f the pre-polymerisation mixture (such as, initiator, monomers, cross-linkers and
porogen) are then either heated or UV irradiated to disintegrate the initiator and to form free
radicals. As the polymerisation proceeds, generated free radicals react w ith the cross-linkers
and monomers through th e ir m ultiple vinyl groups and form highly cross-linked polym er
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matrix covalently holding pre-formed monomer-template complexes through the monomers
(as seen in Figure 2.1b).

Once the polymerisation is completed, the template is removed from the cross-linked polymer
matrix through solvent extraction in a non-covalent imprinting protocol. A polar solvent (such
as, methanol) is widely used to remove the template as it would interfere with the noncovalent bond pre-formed between the template and the polymer matrix. Removal of the
template is then meant to create a size, shape and functionality driven template binding sites
into polymer matrix (30,31) (as seen in Figure 2.1c). Template removal and binding carried out
in post polymerisation phase is reversible in changing solvent conditions and is used to study
how selectively the formed polymer can recognise the template it has been synthesised
against (as shown in Figure 2.Id). Therefore, different physico-chemical characteristics of
these binding sites are o f great importance in defining the template recognition performance
o f MIPs. Section 2.3.3 discusses different types o f molecular imprinting techniques which are
classified by the type of interaction that occurs between the monomer and the template in
pre-polymerisation stage.

2.3.3.

Types o f molecular imprinting

MIPs, as briefly discussed above are mainly classified into four types, (32) which are based on
the type o f interaction that takes place between the monomers and the template in the pre
polymerisation mixture, such as;
•

Covalent imprinting

•

Semi covalent imprinting

•

Spacer facilitated imprinting

•

Non-covalent imprinting

Covalent imprinting is a type of polymer imprinting in which the template interacts to the
monomer via covalent linkages (33,34). More importantly, recognition of the template by the
resulting polymer also occurs by covalent interactions. W ulff and co-workers reported
pioneering research work in this approach where imprinting o f carbohydrate derivatives had
been achieved covalently in boronic acid-co-polyvinyl based polymers via boronic ester
linkages (16,29). Usually, covalent interaction is achieved via condensation reactions o f the
template's functional groups such as, diols, aldehydes/ketones and amines through formation
o f ketals/acetals, Schiffs bases and boronate esters (29). Since covalent bonding is much
stronger, it assures formation o f stable monomer-template assemblies and generates template
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selective binding sites. However, such strong interactions between template and polymer may
also hinder template removal/binding kinetics from its cross-linked matrix. Therefore, stronger
acidic hydrolytic conditions are a must for removing the template once the polymer is formed
(29). Aqueous conditions are also preferred during the polymerisation and template rebinding
steps in order to avoid any solvent interference into the covalent bond formation; however it
limits the choice of the monomer that can be used for covalent imprinting.

Semi-covalent imprinting is a partially modified covalent imprinting technique where the
polymerisation is carried out quite similarly to the covalent imprinting using an esterified
(hydrolysable) template; however template rebinding to the polymer takes place via noncovalent interactions. It seems to be quite an interesting way o f assuring more stable
monomer-template assemblies which are formed via strong covalent interactions that can
produce more template selective binding sites. At the same time, template rebinding via noncovalent interactions allows for faster template binding/removal kinetics which is very useful
fo r many bio-sensing and immunoassay based applications. Earliest attempts on producing
MIPs via semi-covalent imprinting technique were reported by W ulffs research group fo r the
preparation o f MIPs selective towards glyceric acid (25). In the reported study, covalent
polymerisation was carried out via amide linkage between glyceric acid and boronic acid-co(vinyl aniline); however upon rebinding, glyceric acid interacted partly via covalent bonding
(ester) with boronic acid and non-covalently (through ion pairing) with 4-vinyl aniline (34).
Some other earlier studies also reported imprinting o f esterified templates in polymer matrix
by covalent mechanisms. However, hydrolytic removal of the template generated -COOH or OH groups at the template rebinding sites for its rebinding to occur via non-covalent
interactions (35,36). Despite the flexibility o f template binding/removal in this approach,
imprinting template derivatives into the polymers can induce inefficient template recognition,
cross-reactivity and unpredictable enantio-selectivity too (29).

Sacrificial spacer imprinting is similar technique o f preparing imprinted polymers which
utilises a spacer between the monomer and the template. The spacer not only helps in binding
the template to the monomer but also prevents steric repulsion arising due to hydrophobicity
o f polyvinyl groups present in the monomers (29). This method was first developed by
Whitcombe et al (37). They used vinyl phenyl carbonate derivative o f cholesterol as the
modified template; yielding cholesteryl [p-(vinyl phenyl) carbonate] and phenyl [p-(vinyl
phenyl) carbonate)] monomer-template assemblies upon interacting with p-(vinyl phenyl)
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carbonate monomer. These were then cross-linked thermally with EGDMA (ethylene glycol
dimethacrylate), as seen in Figure 2.2.

CH-

CH-

p-vinyl phenyl
carbonate as
modified
monomer

Cholesterol template

CH.

AIBN addition
followed by
polymerisation

H,C
CH-

AIBN, 65 degrees, 24 hrs O

ch.

CH.
CH,

Template-monomer
assembly within polymer
structure

Figure 2.2: Schematics showing cholesterol imprinting using sacrificial spacer in a semicovalent approach. The monomer (p-vinyl phenol) covalently bound (via ester bond formation)
to the template (cholesterol) in the pre-polymerisation mixture. It was then cross-linked via
thermal free radicai polymerisation at 65 °C fo r 24 hours using AIBN (azobisisobutyronitrile) as
an initiator, as adapted from (37).

The post polymerization removal of cholesterol derivative was facilitated by alkaline
hydrolysis, which resulted in the removal o f carbonate group as C02. This generated phenolic OH at the binding sites to allow rebinding o f cholesterol to occur via hydrogen bonding in a
non-polar solvent (as shown in Figure 2.3).

14

Chapter 2

H,C.

CH3
CHCH3

Reflux with 1 M
NaOH/KOH

OH

Phenolic-OH at the binding site
upon post polymerisation cleavage
of the template

Figure 2.3: Schematics showing cholesterol rebinding site formation upon hydrolysis bearing
phenolic -OH; adapted from (37).

Although cholesterol recognition performance o f these MIPs may improve by using semicovalent imprinting approach, introduction of larger functional groups such as -COOR at the
binding sites instead o f -OH, may not be able to fit relatively bigger templates into the
available binding space (34,37). This assures yet again that along with the functionality, the
shape and the size fit o f a template is essential to obtain improved template recognition
performance o f the MIPs. Although this may be a very useful technique fo r carrying out
suspension or emulsion based dispersion polymerisations in the presence o f water, template
rebinding will have to take place in non-polar solvents since it involves non-covalent
interactions between the template and the polymer. Therefore, it may also lim it the choice o f
the template that can be used (29).
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In this regard, both covalent and semi-covalent imprinting techniques are not as widely
preferred as non-covalent imprinting whilst developing MIPs. The following paragraph
discusses the non-covalent imprinting approach.

Non covalent im printing is the simplest (in principle) and the most widely used technique for
imprinting templates via non-covalent interactions (such as, hydrogen and ionic bonding, weak
electrostatic interactions as well as dipole-dipole or van der Waal's interactions) (8). This type
of imprinting was first demonstrated by Mosbach and co-workers (38) when they successfully
imprinted amidine moieties by adding sufficient amount of the monomer (carboxylic acid) to
obtain stable monomer-template assemblies (binding constant, >103 M 1) via non-covalent
interactions (16). As this technique involves non-covalent bond formation, it can provide faster
binding and removal kinetics that is ideal for a lot of bio-sensing and diagnostic applications. It
is also devoid of the need for exhaustive organic synthesis that is needed in covalent
imprinting which involves preparation of the template derivatives capable o f forming covalent
bonds with the vinyl monomers. However, non-covalent imprinting tends to produce more
heterogeneous binding sites as a higher amount o f monomer is generally added to favour the
equilibrium towards formation of monomer-template assemblies (36,39). A summary o f some
most common features o f covalent and non-covalent imprinting techniques follows in Table
2.2 (33,36).
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Table 2.2: Characteristics o f covalent and non-covalent imprinting techniques
Characteristics

Covalent

Non- Covalent

Choice o f template

Limited to few template

Widely applicable to almost

molecules

molecules

all template structures

Nature o f the interaction

Complex but

Comparatively flexible and

more specific

non-specific

Widely suitable for all

Not widely suitable for all

methods

methods

Suitable fo r imprinting into

Unsuitable fo r polar

polar solvents; suitable for

solvents; unsuitable fo r the

the imprinting of

imprinting o f biomolecules

biomolecules and

and dispersion

dispersion polymerisations

polymerisations

Difficult and needs severe

Comparatively easier with

cleavage conditions

simple solvent extraction

Relatively slow

Relatively quick

More specific and

Less specific and less

predictable

predictable

Homogenous binding sites

High probability o f forming

Polymerization method

Solvent suitability

Template removal

Template removal and
rebinding

Structure o f the polymer

Homogeneity o f the
resulting polymer

heterogeneous binding
sites

The ease and flexibility of the non-covalent imprinting makes it an ideal choice for developing
MIPs, however lower yield of high fidelity binding sites also necessitates careful optimisation
o f its polymerisation protocol.
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Unlike covalent imprinting, non-covalent bond formation occurring between the template and
the monomer is also hugely affected by the experimental conditions (temperature, time, rate
o f monomer conversion etc.) used during polymerisation. This is then likely to affect the
physical properties (size, shape, spatial distribution o f the binding cavities, surface area) and
thereby the template recognition performance o f the prepared MIPs too. Hence, it is vital to
discuss the effects o f various experimental parameters on the physico-chemical properties of
the resulting MIPs. Through the entire course o f this report, non-covalent imprinting will be
the method o f choice for developing MIPs. The following section discusses different
experimental parameters involved with the preparation o f non-covalently imprinted polymers.

2.4. Experimental parameters in non-Covalent Imprinting - "polymerisation c o o k e r/'
Many studies have already found that different experimental parameters may influence
template recognition performance of the resulting MIPs. Piletsk/s group has conducted
significant amount o f research in this area by investigating the effects o f experimental
parameters (such as, temperature, time, and pressure) and reaction components (such as, the
type o f initiator, porogen and monomers) on the template recognition performance o f MIPs.
However, the physical properties o f the MIPs have been largely overlooked, although they are
directly affected by these experimental parameters and are true determinants o f the MIP's
recognition performance. The research carried out by this group has shed some light on the
effect o f experimental parameters on physical properties o f MIPs (mainly the surface area);
however other parameters (such as, the degree o f cross-linking and thermal robustness) need
to be further investigated. For example, an optimal cross-linking degree o f a MIP matrix is very
crucial to obtain desired removal and rebinding kinetics o f the template. Extensively crosslinked MIP can hinder the template removal; whereas too little cross-linking may fail in holding
template binding sites intact within the MIP matrix which may adversely affect its template
recognition performance. Moreover, no study has reported a direct correlation between the
experimental parameters of polymerisation and its potential effects on both the physical
properties as well as the template recognition performance o f the resulting MIPs. With the aid
of literature, this section will briefly discuss "polymerisation cooker/' and its effects on the
properties o f the resulting MIPs.
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2.4.1. Initiator
Free radial polymerisation is the most convenient method for preparing polymers and initiator
is an integral component of its recipe. Upon being exposed to high temperatures or UV
irradiation, an initiator produces highly reactive free radicals which drive the process of
polymer formation from monomers. Figure 2.4 presents the schematics o f free radical
formation from azo initiator in a UV initiated free radical polymerisation.

Figure 2.4: Schematics of formation o f free radicals from an azo initiator in a typical free
radical thermal or UV polymerisation; adapted from (40).

This step of free radical formation from the breakdown o f initiator is called the initiation step.
The free radicals generated in this way (as shown in Figure 2.4) then rapidly react with the
monomer to generate reactive monomer species to grow polymer chain further (40). Figure
2.5 shows reaction that takes place between free radicals and monomers.

H
R* + HC z= CHX

► RH9C
2

L
I

X

Figure 2.5: Schematics of formation of reactive monomer species through reaction between
vinyl monomer and free radicals generated from initiator breakdown (40).

If the reactive monomer species on the growing oligomeric chain react with another molecule
o f monomer, it leads to elongation o f the polymeric chain. However, not all the reactive
monomer species participate into polymer chain elongation because sometimes instead of
reacting with unsaturated monomer or cross-linker molecules, two reactive monomer species
fuse with each other resulting into termination o f chain elongation. Figure 2.6 shows
schematics of chain propagation through reaction between vinyl monomer and reactive
oligomer species.
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H

H
R(CCHX)-CH,C + H,C = CHX
H.
X

-► R(CCHX)-CH,C»
'H2
(n + l) I
J\

Figure 2.6: Schematics o f polymer chain propagation through reaction between
unsaturated monomer and reactive oligomer species.
As polymerisation proceeds, more and more unsaturated monomers are acted
upon by the reactive oligomeric nuclei and polymer elongates. Polymer chain
extends w ith tim e but once all the unsaturated monomers are consumed,
reactions between already formed radicals and that o f radical and oligomeric
nuclei lead to formation o f non-reactive species. This means that the polymer
chain can no longer extend resulting into termination o f polymerisation. Figure
2.7 and 2.8 show schematics o f polymer chain termination resulting into
formation o f saturated and unsaturated products respectively.

H

H

• +

-C
H.

H

h -C
H,
X

X

H
-CCH —

-► — C

H,

2

X

X

Figure 2.7: Schematics o f polymer chain termination resulting into saturated end
product (40).
As shown in Figure 2.7, when tw o radicals fuse together with the formation o f
hydrogen bonds, it usually forms a saturated end product in the term ination
step. On the other hand, if the radicals react w ith each other disproportionately,
they may generate different product as shown in Figure 2.8.

H

• +

H

H

H C

—C

H.

H
H +

H,

C=CH-

I

X

X

Figure 2.8: Schematics o f polymer chain term ination resulting into unsaturated
end product (40).
Although initiation, propagation and termination are the three main steps o f a
free radical polymerisation, other reactions may also occur depending on what
other ingredients are being used (mainly porogen) in the pre-polymerisation
recipe. Chain transfer is one o f such phenomena where the free radical reacts
with species other than unsaturated monomers which can transfer the reactive
radical nuclei on them and not on the monomers or oligomers. This non
monomeric reactive species can react with monomers later thus producing
different polymer products. Figure 2.9 shows schematics o f a chain transfer
reaction occurring between a radical and porogen (chloroform).
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Cl
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Figure 2.9: Schematics of chain transfer reaction in free radical polymerisation (40).
Since the chain transfer phenomena results into formation o f different polymer products and
that o f different molar mass, this is widely exploited to achieve polymers o f desired molar
mass and size o f the resulting polymer in a free radical polymerisation.
Azo derivatives

(R-N=N-R) such as, azobisisobutyronitirile

(AIBN) and 2, 2'-azo-bis-

(cyclohexylcarbonylnitrile) (ABCH) or peroxide derivatives such as, benzoyl peroxide and
lauroyl peroxide are the initiators o f choice for MIP recipes due to their solubility in most
organic solvents used in MIP preparation, whereas water soluble initiators such as potassium
or ammonium

persulfate are more popular with

biphasic suspension or emulsion

polymerisations which are explained further in Sections 2.6.2 and 2.6.3 (16,41,42). Although
initiators are the main driving force behind a successful radical polymerisation, they are
typically used in very low amounts o f about 1 w t % or 1 mol % o f the total pre-polymerisation
mixture (43). Such polymerisations are thermally initiated by using oven or oil-bath; however
microwave reactors have also been investigated lately to prepare AIBN initiated caffeine
imprinted polymers. The reported study strongly indicates that thermal polymerisations can be
improved by extremely faster polymerisation rates o f MW reactor led heating (44). The
research into MIP development has increased tremendously in past couple o f decades; they
still face limited industrial scale production. In this regard, MW polymerisation can be
particularly useful for developing MIPs since its controlled and programmable polymerisation
can increase the output o f MIP production with minimal batch-to-batch variation (44,45).

However, there is an ongoing debate on whether the MW led thermal polymerisation is just a
faster heating method or it participates in initiator breakdown by other non-thermal
mechanisms such as those observed with the UV irradiation (46). It would be really interesting
to study these aspects o f MW led thermal polymerisations fo r the preparation o f MIPs. One of
the main objectives o f the MW project presented in this thesis is to understand whether MW
polymerisation can be used as alternate polymerisation method for the development o f MIPs
(as mentioned earlier in Chapter 1). These research questions are further explored in a
comprehensive study presented in Chapter 3 which discusses development o f MIPs by MW
polymerisations.
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Apart from the breakdown mechanism o f the initiator, its amounts may also influence the
properties o f the resulting MIPs. From the porosimetry analysis o f prepared MIPs, a study has
found that increasing the amount o f initiator from 1 w t % to 5 w t % in the pre-polymerisation
mixture improves the surface area o f the resulting MIPs (40). This has been justified with the
hypothesis that higher amount o f the initiator generates a higher number o f free radical
nuclei. However, the fixed volume o f the monomer mixture means that the increase in free
radicals may compensate for smaller inter-nuclei spaces resulting in smaller pores which
ultimately produce larger surface area. In this regard, MIPs having larger surface area would be
expected to show higher template recognition performance. However, it has also been found
that the MIPs prepared with higher amount o f the initiator shows inferior recognition
performance in spite o f having larger surface area. This is quite an interesting observation
which suggests that since the higher amount o f initiator generates larger number o f free
radicals and thereby form highly cross-linked or rigid MIP, it may hinder template binding and
removal kinetics from its matrix (40). It is also established that the formation o f stable
monomer-template assemblies in the pre-polymerisation mixture is equally crucial in
producing template selective binding sites within the resulting polymer matrix. An increase in
the amount o f the initiator may elevate polymerisation temperature which may further
increase the kinetic energy o f the polymerisation mixture and destabilise the monomertemplate assemblies at the same time. As a result, it is likely to form heterogeneous binding
sites which give inferior tern plate recognition performance o f the resulting MIPs.

2.4.2.

Monomers

Monomers are generally used in excess in comparison to the template (template: monomer
>1:4) to favour formation o f sufficient number o f monomer-template assemblies in a
conventional non-covalent imprinting (43). Structurally, MIPs are co-polymers which consist o f
at least two different kinds o f monomers, functional monomers and cross-linking monomers.
Functional monomers bear suitable functionality to be able to interact non-covalently to the
template and integrate covalently (via vinyl groups) to the cross-linking monomers, also
referred to as cross-linkers (47). Figure 2.10 presents few examples o f commonly used
monomers for the preparation o f non-covalently imprinted polymers.
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Figure 2.10: Commonly used monomers fo r non-covalent imprinting, (a) acidic, (b) basic and
(c) neutral; adapted from (39,43).

Acrylate derivatives (such as, methacrylic acid) and vinyl derivatives (such as, styrene) are the
most widely used monomers. Where methacrylic acid (MAA) participates in forming H-bond
with the template; vinyl derivatives interact mainly via hydrophobic interactions (as seen in
Figure 2.10). The interactions occurring between a monomer and a template are highly
important in a non-covalent pre-polymerisation system. To this end, the energy associated
with the monomer-template complex formation is crucial which is influenced by unfavourable
factors, such as, the enthalpic energy lost in overcoming unwanted bond rotation and
conformation of the monomer-template assembly as well as undesired hydrophobic, ionic,
electrostatic or van der Waal's interactions between the template-template and monomermonomer in the presence o f porogen (48).

Hence, thermodynamic calculations o f the pre-polymerisation mixture have been o f a great
concern whilst optimising a MIP recipe to ensure formation o f enough stable monomertemplate assemblies in order to generate template selective binding sites. These factors are
usually determined by NMR titrations o f different monomer and template ratios where a shift
o f the key NMR peaks is indicative o f non-covalent bond formation between the species o f the
pre-polymerisation mixture (16). Some other methods, such as, FTIR and UV spectroscopy
have also been used fo r calculating monomer-template association constants that indicate the
strength o f non-covalent interactions between the monomer-template moieties at equilibrium
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(39,49,50). In addition to this, a slightly different approach has also been reported where the
use of a combinatorial library o f MIPs is prepared by using different monomer-template ratios,
called 'mini-MIPs'. The prepared polymers are then screened using liquid chromatography (LC)
based template rebinding assays (50). However, the described methods are extremely tedious
and expensive.

On the other hand, computational simulations are much simpler and quicker where the
monomer with the least entropic values or the highest binding constant for the template is
chosen to maximise stable monomer-template assemblies. The first computational program
for the MIP preparation has been developed by Piletsk/s research group (50,51). The research
has found that the pre-polymerisation recipes optimised by computational approach not only
comply with that of traditional methods (such as, NMR titrations and UV spectrophotometry)
but also show the highest template recognition in chromatographic separation (52,53). As a
result, computational approach has often been used fo r optimising the pre-polymerisation
recipes in developing non-covalent MIPs lately (54-56). For the preparation o f caffeine
imprinted polymer monoliths reported in Chapter 3, computationally optimised recipe has
been adopted from the previously reported studies (44,53). Likewise, computationally
optimised pre-polymerisation recipe has also been used for the development o f the polymers
for mycotoxin recognition, presented in Chapter 4 o f this thesis (57).

The other type o f monomers used in the development o f cross-linked co-polymers is crosslinking monomers or as often referred to as the cross-linkers. Since MIPs are extensively crosslinked co-polymers, they usually contain very high amounts o f the cross-linking monomers. An
increase in the amount o f the cross-linker is linked with increase in the surface area o f the
resulting MIP (58,59).

Since the surface area o f the MIPs is often further linked with its template recognition
performance, the type and ratio of the functional monomer to the cross-linking monomer are
very crucial in determining the cross-linking degree and thereby template recognition
performance o f the resulting MIPs. Optimisation o f the monomer-template-cross-linker ratio is
very elaborate. In an attempt to minimise these optimisation steps, a study has reported the
preparation o f OMNiMIPs where MIPs can be prepared with a single cross-linking monomer,
such as, NOBE (N, O- bisacryloyl ethanolamine). In the reported study, a comparative
chromatographic analysis o f OMNiMIPs with a traditional co-polymer (MAA-EGDMA) has been
carried out which suggests that OMNiMIPs show better enantiomeric separation o f a range o f
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amino acid templates (60). However, the approach has not been widely used as the choice of
template and cross-linker becomes very limited.

More commonly used cross-linkers for non-covalent imprinting, such as, divinylbenzene (DVB)
and ethylene glycol dimethacrylate (EGDMA) have two vinyl groups which provide tw o points
o f reaction through covalent bonding, as shown in Figure 2.11 below.

Ethylene glycol dimethacrylate

ou

Divinylbenzene

J

Poly(ethyIene glycol) diacrylate

Figure 2.11: Commonly used cross-linkers for the preparation o f non-covalently imprinted
polymers (43).

MIP preparation in water is challenging as most cross-linkers are hydrophobic in nature.
However, poly(ethylene glycol) diacrylate has been reported to be effective fo r imprinting
biomolecules and environmental templates compared to more traditional hydrophobic cross
linkers, such as, EGDMA. Not only in providing the ease o f preparation, such MIPs can also be
used for the template recognition studies in water based samples due to their reduced
hydrophobicity (61). There has also been a growing interest in using multiple vinyl groups
bearing cross-linkers as well since they can anchor the monomer-template assemblies from
multiple points and produce highly selective template rebinding cavities within the MIP matrix.
Figure 2.12 shows the structures o f more recently used cross-linkers.
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Figure 2.12: Some newer cross-linkers for the preparation o f non-covalently imprinted
polymers; (a) Pentaerythritol triacrylate (PETRA) and (b) Trimethylolpropane trimethacrylate
(TRIM).
The structures o f the cross-linkers shown in Figure 2.12 have multiple vinyl groups, for
example, PETRA has four vinyl groups; whereas TRIM has three vinyl groups which provide
them multiple points of interactions with the functional monomers to form a firm ly crosslinked network o f polymer. It has been reported that the cross-linkers with multiple vinyl
groups are found to be superior in providing better resolution o f the racemates in
chromatographic analysis (62). However, such cross-linkers also contain carbonyl or hydroxyl
groups which provide them ability to interact with the monomer-template assemblies through
different non-covalent mechanisms as well. This means that although the cross-linked polymer
network is firm enough to hold the binding cavities in place, it may be flexible at the same time
due to its non-covalent interactions which may sometimes lead to heterogeneity o f the
binding cavities formed within its matrix.

To improve recognition o f the template, additional special monomers can also be integrated in
the pre-polymerisation recipe to aid in the recognition o f the template. An example o f this has
been recently shown by Turner's group where a nucleoside has been used as an 'additional'
monomer in preparing MIP NPs. The chemical modifications obtained on a nucleoside (such as,
phosphoramidites as well as nitrogen base modifications) allow it to be covalently integrated
as a special monomer along with the other functional monomers into cross-linked MIP NPs. It
has been found that the chemical modification obtained on the nitrogen base (5carboxymethylvinyl modification) of a nucleoside (uracil) is electron withdrawing and can
covalently integrate itself into the polymer backbone. Incorporation o f the nucleoside
monomer obtained in this way has also reflected into improved recognition o f its
complimentary nucleoside template (adenine) in template rebinding experiments (63).
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Similar modifications have also been obtained on aptamer sequences by chemically modifying
it from multiple nitrogen bases alongside their chain end phosphoramidite modifications.
Modifications obtained in this way allows the aptamer to integrate covalently into the polymer
backbone from multiple points, at the same time also allowing it to interact with its
complimentary base pairs through non-covalent interactions (hydrogen bonding). It has also
been found that the template recognition o f the polymer NPs having integrated an aptamer by
suggested strategy (modifications from multiple points) is improved in comparison to the
polymer NPs having incorporated the same aptamer through just one (chain end
phosphoramidite) chemical modification (64). This suggests that other functional/cross-linking
monomers can be modified similarly to help in their incorporation into the polymer from
multiple points and thereby improve the template recognition performance o f the resulting
MIPs. This approach has been discussed further in Chapter 5 where chemically modified
oligonucleotides have been incorporated into the MIP matrix to develop OligoMIP NPs fo r the
selective recognition o f an oligonucleotide template.

2.4.3.

Porogen

The polymerisation solvent not only serves to bring all the pre-polymerisation components in a
single phase but is also responsible fo r providing morphology and porosity to the resultant
MIP. Hence, it is also commonly referred to as the porogen. Porogen for the MIP synthesis
should dissolve all the pre-polymerisation ingredients but at the same time shouldn't have
detrimental effects on the monomer-template interactions. In this regard, the porogens used
fo r non-covalent imprinting are usually polar aprotic solvents (acetonitrile, dimethyl
formamide etc.) or non-polar aprotic solvents (toluene, chloroform, dioxane etc.) that do not
interfere with the hydrogen bond formation between the template and the monomer (61). If
the monomer and the template can undergo other non-covalent interaction except hydrogen
bond, a polar solvent is preferred. Ionic bonding and dipole-dipole interactions between the
template and the monomer are more dominant in the presence o f polar solvents (29).

Porogen intrudes into the inter-nuclei spaces o f a growing polymeric chain and then finally
separates from the grown polymer phase imparting certain porous characteristics, which are
also dependant on temperature and other factors.

Pores observed in these polymer microparticles vary from 2 nm to 50 nm. Larger pores of
greater than 50 nm are regarded as the macropores; whereas any smaller than 2 nm sized
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pores are the micropores and the ones in between the mentioned size range are the
mesopores (65).

When a good solvent fo r the polymer is used as the porogen necessary insolubility fo r the
phase separation mainly arises from extensive cross-linking. When the dispersed phase
contains a good solvent as a porogen (such as toluene fo r polyvinyl), it can penetrate and swell
growing oligomeric globule during polymerisation. As the polymerisation proceeds, the degree
o f cross-linking intensifies and a moment comes beyond which porogen can no longer intrude
inside the growing globule and separates out o f the phase. This moment comes in the later
stage o f polymerisation, after the gelation phase o f the resulting polymer. Until this point in
the polymerisation, numerous reactive nuclei have generated which have smaller inter-nuclei
space between them.

Therefore, a good solvent tends to produce microparticles with micro and mesopores and
thereby generates larger surface area. This phenomenon is known as v- induced syneresis.
Higher surface area is usually deemed to give better recognition performance too, however
sometimes the microparticles with lower surface area may also show improved recognition
performance. This is because the surface area o f particulate MIP is measured in its dry state
whereas the template rebinding is carried out in the presence o f porogen. This suggests that
although the surface area o f the polymer is low in its dry state, the pores may swell in the
presence o f the porogen at the time o f template rebinding. Sometimes, macropores may also
be located remotely deep within the particle matrix and not on the surface which may also
provide sites for the template recognition (66).

On the other hand, when a non-swelling porogen is used in the dispersed phase (such as nheptane for polyvinyl or dodecanol fo r polydimethacrylate), it cannot penetrate much in the
growing oligomeric globules. Hence the phase separates early on, before even gelation point
which results in a polymer with low pore volumes (67,68). Hence, it is more likely to produce
macroporous particles with lower surface area (< 100 m2 g"1) via x-induced syneresis (65).

It is noted that the pore size is dependent on other factors as well, such as the polymerisation
temperature and the time o f reaction. When a polymerisation is carried out at an elevated
temperature, there is higher number of growing nuclei which result in smaller inter-nuclei
spaces and hence generate smaller pore sizes but addition o f a poor solvent causes early phase
separation in this polymerisation. Since the number o f oligomer nuclei is small with larger
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inter-nuclei space at this early stage o f the polymerisation, an early phase separation brought
upon by the poor solvent then can generate a polymer with larger pores too. Moreover, the
pore sizes also reflect directly the available surface area o f the resulting polymer. For example,
smaller pores will yield larger surface area whereas larger pores will give smaller surface area
which determines the template recognition performance o f the resulting polymer. Porosity
characteristics and surface area is inter-linked and also dependent on other experimental
parameters (such as, the length o f polymerisation and its temperature). Therefore, these
parameters are studied and optimised based on the area of application o f the resulting
polymer. For example, surface area is a preferred measure o f the polymer performance in
chromatographic analysis; whereas porosity is preferred in polymers for flow through cells and
SPE (Solid Phase Extraction) applications to avoid high back pressures (69).

In Chapters 3 and 4 o f this report, polymers have been prepared at varying temperatures for
different lengths o f time and their porosity characters and surface area have been studied in
detail. Furthermore, the studies have also linked these parameters to the recognition
performance o f the polymers.

2.4.4.

Temperature

The polymerisation temperature plays a key role in determining many features o f the resultant
polymers such as porosity, surface area and pore volume as well.

In a radical polymerisation, free radicals generated upon the activation o f an initiator produce
reactive nuclei which develop further cross linking as the polymerisation progresses. However
when the oligomer chains grow, they separate out from the porogen phase due to limited
solubility o f the globules followed by the precipitation o f the polymer.

When the same polymerisation is carried out at an elevated temperature, it is likely to
generate a much larger number o f free radical nuclei but since the volume o f the monomer
mixture is the same, a higher number o f the nuclei get accommodated into small volumes
resulting in numerous smaller pores in the polymer matrix (69). Not to mention, pore size and
its distribution then also affects the available surface area, as discussed earlier in Section 2.4.3.

Polymerisation temperature is crucial in defining physicochemical properties o f the polymer.
The in situ polymerisation temperatures are generally much higher than the set reaction
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temperatures. Figure 2.13 shows recorded temperatures o f several thermal and UV
polymerisations.
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Figure 2.13: Actual polymerisation temperatures recorded with the help o f temperature
probes during thermal and photo initiated polymerisations; obtained from (70).

The actual temperatures recorded during the UV polymerisations are not too different from
their set value, however the polymerisation temperatures almost double or increase even
further when it is carried out thermally (as seen in Figure 2.13). It is because the elevated
temperatures set in thermal polymerisations increase the kinetic energy o f the system due to
its exothermic nature and accelerate free radical formation which increases the temperature
even further. The rise in temperature may be detrimental to the formation o f stable
monomer-template assemblies which are crucial to forming template selective binding sites in
the resulting MIPs (48).

More importantly, elevated polymerisation temperatures may also denature sensitive
templates during polymerisation (such as proteins) which further reflect the compromised
template recognition o f the resulting MIPs (71).

In this regard, MW reactor led thermal polymerisations may be useful as it maintains the
reaction temperatures at a set value. When a reaction reaches the required temperature, no
further energy is supplied. Therefore the reaction takes place on its own with its own
exothermic energy but with added advantage of faster polymerisation kinetics. This means
that the pre-formed monomer-template assemblies are cross-linked at a much faster pace
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minimising the chances o f their deformation. Once the exothermic phase is complete, it
controls the reaction temperature fo r the set length of time which helps in forming and
strengthening the pre-formed cross-links within the MIP matrix (44). Traditional thermal
polymerisations carried out using an oven and oil-bath do not contain such thermostatic
controls which makes it difficult to upscale such thermal polymerisations since the
temperatures can go even up to 300 °C for not more than 50 ml of the polymerisation mixture
(70). MW polymerisations may be investigated in this regard to carry out polymerisations with
larger volumes o f the monomer mixtures.

To understand the effect o f temperature beyond just maintaining stable monomer-template
complex, its effect on the physical properties o f the resulting polymers has also been studied.
It has been observed that the polymers initiated at lower temperatures show smaller pore
volumes and smaller surface area (as discussed earlier in Section 2.4.2). This may be because
the polymerisation rate is slower at lower temperatures. Hence, there are fewer growing
nuclei at the time o f phase separation. The fewer the nuclei, the greater is the inter-nuclei
space which helps it create larger pores and hence less surface area (48,69). This way, lower
temperatures may help in creating polymers with smaller surface area but may at the same
time generate polymers with more template selective binding cavities due to stable templatemonomer assemblies generated during the polymerisation. However, it has been suggested
that polymerisations carried out at different temperatures do not show significant difference
in their cross linking degree although showing different chromatographic separation
efficiencies (72). Not only the polymerisation temperatures but operational temperatures may
also affect the template recognition performance o f the MIPs. Studies report that the template
rebinding performance improves with increasing column temperature regardless o f polymer's
make up due to improved template binding and removal kinetics (48,70).

In terms o f surface properties o f the MIP particles, lower polymerisation temperature tends to
produce smoother particles with fewer larger pores and smaller surface area; whereas higher
temperature produces rough particles with many smaller pores and larger surface area
(29,73). However, as already discussed in Section 2.4.3, the effect o f the temperature can be
changed by using appropriate type o f porogen. Although higher polymerisation temperatures
generate MIPs with larger surface area, addition o f a non-thermodynamically favourable
solvent fo r the polymer can induce early phase separation and increase the pore size and
thereby decrease surface area (69).
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This implies that the performance o f the polymers is greatly influenced not only by the
thermodynamics but also the experimental parameters. To this end, Chapters 3 and 4 have
investigated the effect o f different polymerisation temperatures on the physical properties
(such as, pore volume, pore size, surface area and cross-linking degree) as well as recognition
performance o f the polymers. It also presents a detailed study on the characteristics o f the
polymers prepared by MW polymerisation in comparison to those prepared by traditional
methods (oven and UV polymerisations). Section 2.4.5 discusses the effect o f the length o f
polymerisation on the properties of resulting polymers.

2.4.5.

Polymerisation time

Polymerization time is an important experimental parameter affecting the physicochemical
property of the polymer however to a lesser extent than temperature or porogen. From the
studies reported earlier, it appears that thermal decomposition o f an azo initiator is about 10
times slower (when initiated for up to 80 °C) than that of its photodecomposition
(approximately 2 hours at 25 °C) (74). In this regard, MW reactors have been investigated for
the preparation o f thermally initiated caffeine imprinted polymers recently which suggests
that MIPs can be prepared in a MW reactor for as little as just 15 minutes (44). It has been
reported that thermal half-life o f azo initiators is over 1000 minutes when initiated by oven or
oil-bath (74); however about 100 times faster initiation could be achieved by MW reactors
when initiated thermally (44).

Indeed, this has opened up a new direction fo r exploring if at all microwaves do have a "wave
effect" just as the UV irradiation in speeding up the initiation and hence the polymerisation
process. This has been explored in detail in Chapter 3.

It is a general notion that the degree o f cross-linking o f the polymer remains fairly similar
regardless the length o f the polymerisation soon after the polymerisation is initiated, when
polymerised by a UV chamber or oven. Figure 2.14 shows the effect o f the length of
polymerisation on the cross-linking degree o f the resulting MIPs.
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Figure 2.14: Effect o f the length o f a polymerisation on the cross-linking degree o f UV initiated
MIPs; adapted from (74).

It has been found that the MIPs prepared for different time durations (from 10 minutes to 24
hours) show much similar cross-linking degree (as seen in Figure 2.14). However, the one
polymerised fo r longer (24 hours) shows improved enantio-separation in chromatographic
analysis studies. To understand this further, swelling analysis has also been performed on
these MIPs which suggests that despite having a similar degree o f cross-linking the MIPs
prepared for longer times show lower degree o f swelling (74). It appears that improved
enantio-selectivity observed with the polymers prepared fo r long preparation times may arise
due to higher rigidity and fidelity o f well aligned binding sites created. However, it should not
be ruled out that increased rigidity over longer polymerisation times may also retard mass
transfer kinetics (70). The studies presented in Chapter 3 and 4 o f this thesis will primarily
investigate the effect o f polymerisation time on the properties of MIPs prepared by MW
polymerisation.

In these studies, the MW polymerisations have been carried out from 5 minutes to 60 minutes
and its effects on the cross-linking degree, surface area and pore volume o f the MW MIPs have
been studied. Also to understand whether MW polymerisation can be used as an alternative
polymerisation technique to produce MIPs, the observed properties of the MW polymers have
also been compared to those polymerised by traditional methods, such as oven and UV
polymerisations.

2.5. Formats o f non-covalently imprinted polymers
MIPs have been prepared either as particles or membranes. This section will briefly discuss the
mentioned formats explaining their advantages and limitations. Polymeric materials are
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inherently flexible and can be formed in many ways. This work is based around free-standing
materials so a discussion o f grafted or surface fixed polymers will not be covered. The
discussion on different polymer format is particularly important as one o f the objectives o f this
study is to comparatively analyse monoliths and microparticles prepared by different methods.

Monolith polymers are prepared conventionally as blocks by heating the pre-polymer mixture
using an oven or oil-bath or by irradiating UV on it. The formed polymer block is then crushed,
ground and sieved in the desired particle size range, typically between 30 pm to 150 pm.
However, grinding and sieving involved in monolith preparation is quite tedious and can also
lead to the severe loss (>50 %) o f irregular particles. In spite o f MIPs being extensively crosslinked, vigorous grinding may also lead to the destruction o f the binding sites created with the
polymer matrix (75). Although monoliths are widely used, their irregular shape may not be
ideal for the chromatographic or SPE based applications due to inefficient packing and
unpredictable binding or removal kinetics through their matrices. As a result, there is
increasing demand for the preparation o f spherical microparticles which are devoid o f the
mentioned limitations. Not to mention, the preparation o f microparticles can be easily scaled
up as well and does not result into excessive material loss as in case o f monolith preparation
(70,76).

Transport across the biological membranes is one o f the most important phenomena involving
highly specific transport via ion channels, receptors and concentration dependent diffusion.
Solute transport across non-porous synthetic membrane is usually via diffusion whereas the
porous membranes govern it via size exclusion (16).

The solute transport can even be more precise via selective solute exchange based on the
shape, size and functionality if the MIP concept is applied on the membranes (77). In
comparison to the MIPs monoliths and microparticles, the imprinted membranes have become
very popular in continuous mode operations such as flow through filtration cells and
biosensors. To this end, Piletsky and Kobayashi have conducted pioneering research work
where MIP membranes have been prepared fo r various applications, such as, electro dialysis
and enantio-separation (34,78,79). Most o f them are prepared by phase inversion or
separation which is achieved by precipitating polymers in presence of non-solvents.
Sometimes the porogens are also cooled or evaporated to generate thin in situ polymer
membranes in either a UV or thermally initiated process between glass plates (34,80,81).
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Some characteristics o f membranes such as coagulation and strength are very unique.
Membranes tend to coagulate in poor solvents and result in lumpy structures which may affect
their performance. For a polymer like acrylonitrile, presence o f a poor solvent such as water
can enhance dipole interactions with

it

resulting in its coagulation

(82,83). Since

thermodynamically poor solvent fo r the polymer results in its early phase separation, it yields
higher porosity, larger pores and thereby improve flux o f the material through MIP
membranes which is sometimes even higher than that o f microparticles (84).

Nanoparticle based MIPs is the newest addition to the MIP formats. There has been ever
growing interest in developing MIPs on a miniaturised scale to

benefit from the

nanotechnological advances together combined with the selective recognition through
molecular imprinting. Not to mention, MIP NPs are the most suitable alternatives to natural
bio-macromolecules (such as antibodies, proteins and aptamers) with comparable molecular
recognition property but with improved stability. A number of pioneering studies already have
reported successful development o f the MIP NPs and have dubbed them as 'plastic antibodies'
fo r their potential in vitro and in vivo biological applications (64,85-87). MIP based NPs systems
have been discussed more in detail in Chapter 5. Since one o f the main objectives o f this study
is also to prepare MIPs by different methods in different formats, Section 2.6 discusses various
methods that are routinely used to prepare MIP formulations.

2.6. Polymerisation methods for the preparation of MIPs
MIPs can be prepared in different formats by using different methods. This section will briefly
discuss different methods commonly used fo r the MIP preparation.

2.6.1. Thermal / UV polymerisation
MIP monoliths have been traditionally prepared thermally with the aid o f oven or oil bath or
by UV irradiation. In comparison to the thermal polymerisation, UV irradiation is faster;
however it yields lower surface area in the resulting polymer that may sometimes reflect its
inferior template recognition performance o f the polymer (as discussed earlier in Section
2.4.4). Therefore, thermal free radical polymerisation is widely preferred for MIP preparation.

Conventionally, ovens, oil baths and heating mantles have been used fo r thermal
polymerisation. It is not only an elaborate method but is also very inefficient in providing
homogenous heating throughout the reaction mixture as the heating depends on the
conductivity o f the reaction vessels and the polymers are likely to be highly non-homogenous.
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As discussed earlier in Section 2.4.4, it is very likely that this heterogeneity in the polymer
structure may reflect further its physical properties (such as porosity, surface area etc.) and
result in its compromised recognition performance eventually. It would be ideal if the
polymers can be prepared with homogenous heating at a quicker polymerisation rate. In this
regard, the use o f microwave (MW) reactors has increased recently with the realisation o f its
attractive features o f good control over experimental parameters and extremely quick heating
reactions compared to the conventional heating sources (46). However, the mentioned MW
reactors should not be confused with the MW ovens used in the kitchens for heating food.
MW reactors are specially designed laboratory equipment that carry out very controlled
heating reactions which have been recently explored for the preparation o f the MIPs too (44).
MW polymerisation has been discussed in detail in Chapter 3 fo r the preparation o f MIPs.

On the other hand, spherical polymer particles are traditionally prepared via different types of
dispersion polymerisation techniques, such as suspension, emulsion, precipitation and more
recently core-shell polymerisation. From the literature reported so far, it seems that only one
study has been conducted fo r a direct comparison o f the recognition performances o f the
same MIP prepared by different methods (88). Although the reported study has given a good
insight into comparative analysis o f the polymer's performance, it has not extended
investigation into studying physical properties o f the MIPs prepared by different methods.

It would be worth mentioning here that the difference in the recognition performance o f the
polymers simply arise from the difference in their physical properties. To this end, polymer
microparticles under the study reported in Chapter 4 have been prepared by suspension,
precipitation and core-shell polymerisation fo r their direct comparison against the monoliths
prepared by oven, UV and MW polymerisations.

For the formation o f spherical particles, immiscible biphasic systems are necessary which are
commonly referred to as dispersions. Dispersion (or solid-liquid) polymerisation techniques are
heterogeneous or biphasic in nature as they are composed o f two immiscible liquids in which
the monomers are dispersed as droplets (referred to as dispersed phase) into another
immiscible bulk liquid (referred to as continuous phase). Dispersion polymerisation methods
are extensively reviewed in reported studies (41,65,89,90). Section 2.6.2 will discuss
suspension polymerisation.
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2.6.2.

Suspension polymerisation

Suspension polymerisation refers to the form ation o f spherical polymeric particles in an
immiscible solvent system w ith the help o f a droplet stabiliser(s); however the mechanism of
polym er form ation occurs via free radical polymerisation as observed in case o f polymer
monoliths. The volume ratio between both immiscible phases is ideally considered to be
between 0.1-0.5. In a typical polymerisation set up, the monomer and/or cross-linking
monom er is dispersed along w ith the initiator and porogen (in case o f a porous polymer) into
an immiscible continuous phase w ith constant heating and vigorous stirring. Shear force or the
turbulent pressure changes generated due to the vigorous stirring then results in form ation of
monom er droplets into the immiscible continuous phase. M onom er is then acted upon by the
initia to r to create reactive free radical nuclei when the reaction is heated or exposed to the UV
irradiation. These nuclei fuse together and form oligomeric globules. Until this stage, the
polymerisation progresses in the dispersed or the droplet phase itself (42,89,91). A typical
suspension polymerisation set up has been presented in the following Figure 2.115.

Rotating stirrer

Surfactant

Monomer(s) + Initiator

at the

3S->r-?

♦Cross-linker

immiscible
interface

Dispersed

Bulk Phase

Stable polymer

Growing Monomer

Immiscible Phase

Initiator Nuclei

Cross-

beads flocculated

linkers

with surfactants

Figure 2.15: A typical instrumental set up used fo r preparation o f polymer microparticles by
suspension polymerisation (89).

The phase separation o f these growing globules into the immiscible continuous phase is the
most essential phase fo r the bead form ation, driven mainly by the insolubility o f the resulting
polymer in its dispersed m onomer phase. It is when insoluble oligomer globules come out o f
the dispersed phase into continuous phase and form particles. As the particle form s straight
from the globule, the globule size is o f utm ost importance in suspension polymerisation.
Hence, the speed o f rotation and also the shape o f the stirrer as well as the shape o f the
reactor is crucial in determining the particle size in the suspension polymerisation (65). This
means tha t the particle size is inversely proportional to the speed o f rotation. As a rule o f
thum b, to obtain the particle size o f up to 100 pm, rotation speed of 400 rpm to 500 rpm is
often used (41). Where the particle size is affected by the speed o f rotation, degree o f porosity
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is affected by the type o f porogen and the degree o f cross-linking (as discussed earlier in
Section 2.4).

The technique o f making such polymer beads by O/W suspension is in practice since 1980s;
however it is suitable for making mainly covalently imprinted polymers as water being the
continuous phase may interfere with other non-covalent interactions (mainly hydrogen
bonding and ion pairing) occurring between the template and the monomer in the MIP
preparation (32,90). To this end, successful attempts have been made at preparing suspension
microparticles o f imprinted polymers by using fluorocarbon solvents as the continuous phase
instead o f water (66,75). However, the issue remains the same with the fluorocarbon solvents
that it demands elaborate synthesis o f the fluorocarbon monomers and the surfactants, not to
mention that their use is limited to only UV initiated polymerisation too.

For a typical O/W non-imprinted suspension polymerisation, the initiator (0.1 - 0.5 w t %) has
to be soluble in the dispersed phase along with the monomer hence it is more common to use
azo initiators (such as AIBN) or peroxides and last but not least, stabilisers or surfactants which
play a crucial role in determining the particle size and size distribution o f the resulting polymer.
The droplet stabilisers are semi-synthetic or synthetic, hydrophilic, large molecular weighted
polymers. Typical examples o f oil in water (O/W) suspension polymerisation systems (For
example, polyacrylates and polystyrene) include water-soluble polymeric stabilisers such as,
polyvinyl pyrollidone (PVP) (89,92-94), polyvinyl alcohol (PVA)(59,95) and cellulose derivatives
(96).

Inorganic colloids, such as, CaC03( BaS04and AI(OH)3are also used as stabilisers (59). Stabilisers
do not have a direct surface tension lowering effect but they get adsorbed on surface o f the
growing oligomeric globule and sterically stabilise the droplets against coalescence (as shown
in Figure 2.15). Ideally, O/W suspension polymerisation would not be suitable fo r a noncovalently imprinted polymerisation system as water could interfere with other non-covalent
interactions (mainly H-bond and ionic interactions) occurring between the template and the
monomer, however few studies have reported the use o f water as the continuous phase as
well (97,98). Most o f the reported studies have since used perfluorocarbon fo r the
development o f non-covalently imprinted polymer microparticles to avoid this limitation
(66,99-101).
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Water soluble monomers (such as, polyacrylamides) are polymerised via W/O (often referred
to as reversed phase) suspension polymerisation with the inclusion o f inorganic water soluble
initiators in the dispersed phase (102). Here, non-polar surfactants such as polyethylene glycol
sorbitan monolaurate, polyoxyethylenesorbitan derivatives (TWEEN) and sorbitan derivatives
(SPANS) are used in the hydrocarbon or paraffin oil as the continuous phase (89). The
mechanism o f particle formation in a W/O suspension polymerisation changes considerably
which becomes something similar to emulsion polymerisation which is discussed in the
following Section 2.6.3.

2.6.3.

Emulsion polymerisation

Emulsion polymerisation is a heterogeneous dispersion polymerisation technique that
produces polymers by emulsifying hydrophobic monomer into an aqueous phase by the use o f
surfactant or an emulsifier. In a typical O/W emulsion polymerisation set up, the surfactant
and initiator are in the aqueous continuous phase; whereas the monomeric phase is dispersed
as droplets into the continuous phase. The polymerisation initiates in the continuous phase
where the initiator dissolves in. This is quite unlike the suspension polymerisation where the
initiation starts in the dispersed phase (as just discussed in Section 2.6.2). Before the emulsion
polymerisation is discussed further, it would be very important to briefly discuss the
surfactants.

Surfactants are natural or synthetic amphiphilic polymeric molecules. Upon being added to an
O/W mixture o f immiscible liquids, they align at the liquid interface due to the presence of
both hydrophilic and hydrophobic segments within them. The hydrophobic end interacts with
the growing oligomer nuclei electrostatically or sterically whereas the hydrophilic tail forms
hydrogen bond with the hydrophilic continuous phase. This alignment eventually reduces the
surface tension between the two immiscible phases more efficiently than just the droplet
stabilisers (as discussed in Section 2.6.2). That is the reason why suspension polymerisation
can produce particles from few micrometres to 1-2 mm whereas, emulsion polymerisation
produces sub-nanometre to only few micrometres sized particles (65,89). Water soluble
surfactants are mainly ionic (anionic or cationic), non-ionic and amphoteric types. Ionic
surfactants produce amphiphilic ion in an aqueous continuous phase and interacts
electrostatically to the dispersed monomer droplets whereas; non-ionic surfactants don't
produce ions and hence stabilise monomer droplets sterically.
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The mechanism o f polymerisation in an emulsion is considerably different to that o f a
suspension polymerisation. Nucleation starts in the phase where the initiator is dissolved,
either in the aqueous continuous phase where water soluble initiator such as potassium
peroxydisulfate is dissolved or in the hydrophobic dispersed phase where AIBN is dissolved.
The size of the globule doesn't reflect the final particle size in the emulsion polymerisation. It's
rather the concentration of the surfactant, the solubility o f the monomer and the type o f the
initiator that are the most crucial parameters (103). In an O/W emulsion polymerisation, if the
surfactant is used beyond its critical micelle concentration (CMC) in the presence o f an oil
soluble initiator (such as, AIBN), the hydrophobic monomer nuclei are most likely to be
embedded within intra-micellar hydrophobic cores from the continuous aqueous phase.

As the polymerisation proceeds, the micelles take up more and more o f reactive monomer
nuclei from the aqueous phase. These monomer swollen micelles outnumber individual
monomer nuclei and hence are more likely to dominate the initiation to produce high
molecular weight polymers (103,104).

On the other hand, when the surfactants are present in lower concentrations than their CMC,
they may not be homogenously and/or completely distributed among the hydrophobic
oligomer nuclei. This results into the nuclei bearing unequal electrostatic charges on them
which aggregate with other oligomer nuclei in presence o f an aqueous phase. Hence,
nucleation mainly occurs via coagulation o f individual oligomer nuclei resulting into low
molecular weight polymers (103). In this way, not only the type o f the initiator (hydrophilic or
hydrophobic) but also its amount is very important in determining the polymer propagation
mechanism and thereby the property o f the resulting polymer.

It has been found that the surfactant amounts as high as even 10 % o f their CMC cannot
overcome the attractive hydrophobic forces between the p(DVB) particles. When this is
increased to their CMC, they may be able to encapsulate hydrophobic monomers completely.
Hence, the concentration o f the surfactant is very crucial in controlling aggregation between
the monomers and thereby the final size o f the polymer particles too. However, it is
sometimes also tricky to remove surfactants from the particle surface in the post
polymerisation stage due to stronger ionic interactions. In this regard, non-ionic surfactants
(such as, Triton X-100) do not suffer from this limitation (105,106). Amphoteric surfactants,
such as, sodium dodecylsulfate (SDS) are also used for the preparation o f imprinted polymer
spheres (88,89). In Chapter 4, the optimised pre-polymerisation mixture has been prepared by
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suspension polymerisation to prepare microparticles as potential recognition materials for
aflatoxin detection in ToxiQuant technique. In the presented study, suspension polymerisation
has been carried out under varying polymerisation conditions, such as, different rotation
speeds as well as surfactant type and its amount.

2.6.4.

Precipitation polymerisation

Precipitation polymerisation is the simplest o f all dispersion polymerisation methods and
produces fairly homogenous spherical polymer particles from 0.1 pm to 10 pm sizes. It starts
as a homogenous dispersion containing monomer, initiator and porogen with gentle stirring
but with no surfactant.

Where other methods pose a risk o f having surfactants stuck on the particles, precipitation
polymerisation is devoid o f it making it the method o f choice for producing comparatively
smaller particles (107). Thermal initiation is the most common way o f polymerising materials
using this method; however UV initiated polymerisation can be performed too (65).

The principle mechanism o f the polymerisation is mainly via precipitation o f the monomer
nuclei from the continuous phase; whereas growing oligomeric chains remain soluble in the
continuous phase. As the polymerisation proceeds, the precipitated nuclei swell with the
porogen and take up more and more monomers from the polymerisation medium (89). The
reason why this method does not need a stabiliser or a surfactant is due to self-stabilisation
tendency of oligomeric chains that remain soluble in the polymerisation medium. They
surround growing polymeric nuclei and prevent aggregation o f the particles. The solvent used
in this method is known as the zero theta solvent (thermodynamically inert solvent) in which
the polymer shows its natural random walk w ithout exchanging any chemical energy,
acetonitrile is the most commonly used solvent fo r preparing polymethacrylate and poly(DVB)
based microparticles. However, changing the solvents and their mixing ratio may also produce
particles with varying porosities. For example, toluene is widely used in varying combinations
with acetonitrile fo r preparing porous poly(DVB) and polymethacrylate particles (65,107,108).

From the reported studies, it has been found that precipitation o f MAA-co-DVB in acetonitrile
can produce sub-micron sized spheres with considerably larger surface area (500-600 m 2 g"1).
However, the research also suggests that the optimum polymerisation time fo r achieving
homogenous particle size distribution by precipitation polymerisation is considerably longer
48 hours (107,108). Another drawback of this method is that the pre-polymerisation solution
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needs to be highly diluted (2-5 % w/v) and hence the polymerisation kinetics is much slower
compared to other dispersion techniques such as suspension polymerisation (65,107,108).
In Chapter 4, precipitation polymerisation has been discussed fo r the preparation o f polymer
microparticles for its use in ToxiQuant technique.

2.6.5.

Core-shell polymerisation

Core-shell polymerisation is a method for preparing spherical MIP particles in nanometres to
sub-micrometre diameter range. It has been more than a decade since the first ever
molecularly imprinted core-shell polymers have been reported (109). This technique generally
produces much smaller particles ranging from nanometre to few micrometres in diameter.
Indeed, their much smaller sizes offer a new dimension to wider research areas and also offer
great flexibility in designing the surface o f the particle for various applications.

As the name suggests, core-shell particles are prepared in layers either by building from the
core to the shell (bottom to top approach) or from the shell to the core (top to bottom
approach). The latter is usually carried out by controlled protocols involving mechanical
grinding, such as, photolithography; whereas the former is more appropriate fo r synthetic
chemistry based protocols, such as dispersion polymerisations (110). Core-shell polymerisation
is an excellent way of enhancing several particulate properties for specialised applications in
drug delivery and bio-sensing areas as compared to other "conventional" polymerisations,
such as:
•

To imprint larger template molecules with more accessible binding sites on the
polymer surface and thereby minimise material transfer across a greater depth.

•

To use a metallic or fluorescent particle core for various targeted biomedical
applications.

•

To imprint expensive molecules more efficiently as the shell is only a thin coat o f
polymer with efficient binding kinetics.

•

To prepare micro/nanoparticles with a narrow size range.

Core particles are generally highly cross-linked and prepared by precipitation, suspension
emulsion polymerisation methods; however emulsion polymerisation is the common method
(111-113). In this method, the core to shell ratio is very crucial in order to achieve the right
thickness (no thicker than few nanometres). In this method, the use o f porogen is avoided
whilst preparing highly cross-linked and non-porous cores in most cases. However, the shell
forming step does have porogen in the mixture which influences the porous character o f the
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shell forming polymer to a greater extent. Although heterogeneous dispersion techniques are
not favourable for the preparation of non-covalently imprinted polymers, there have been
studies reported where core-shell polymerisation has been successfully used for an aqueous
non-covalent imprinting (114).

Perez-Moral and Mayes have contributed extensively in the development o f core-shell
particles prepared for non-covalent imprinting o f the templates. This includes a two-stage
emulsion polymerisation approach fo r preparing fluorescent core-shell particles which
suggests that higher amounts of the template (greater than 6 % o f the total monomer mixture)
may affect the structural arrangement o f monomers and hence the solubility o f the growing
polymer layer. This may also sometime produce particles with smoother surface with smaller
surface area (109,114).

The reported findings also suggest that the template recognition efficiency o f resulting coreshell particles is slightly worse o ff in the presence of aqueous media than other polymerisation
methods (such as, monolithic bulk polymers), likely due to interference in the non-covalent
monomer-template interactions. This has been addressed by preparing MIP microbeads in
mineral oil. In this strategy, the pre-polymerisation mixture is dispersed together with non
polar solvents into the continuous phase of mineral oil (115). However, the solubility o f vinyl
monomers in both the dispersed porogen phase and the oil phase need to be carefully
balanced whilst using oil based emulsion protocol. From the recognition performance point o f
view, combination o f styrene/DVB has been found to perform better in comparison to
MMA/EGDMA in any rebinding media probably due to its improved hydrophobicity which may
help in adhering the shell layer to the core particles (88,116).

Precipitation polymerisation offers more ease and flexibility in developing microparticles as
compared to emulsion polymerisation based approach as reported by the mentioned studies.
To this end, a precipitation polymerisation based approach has been adapted fo r developing
core-shell particles for the reported study in Chapter 4. This is based on an approach originally
reported earlier by Li and Stover where both the core microbeads and the shell layers have
been obtained by a two-stage precipitation polymerisation carried out in the single pot (117).
Once the core particles are formed, successive layer o f the shell polymer is formed by adding
varying amounts of the shell monomer mixture to the reaction pot to achieve different shell
thickness on the core particles (118). This will be discussed further in detail in Section 4.5.5 o f
Chapter 4.
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2.7. Summary
MIPs and other recognition polymers are highly important entities in drive towards improved
molecular recognition needed in a wide range o f technologies, be it bio-medical,
environmental or security driven areas. However, a significant number o f studies focus on the
just the performance o f the polymer, not the physical reasoning why polymer have certain
recognition properties. Sheer flexibility o f polymeric materials and its different formats
(obtained by different polymerisation techniques) can be seen highlighted in the discussion
above, but it is clear that each method will yield materials, that could be the same in chemical
composition, but differ significantly in physical structure. The key work o f Piletsky and co
workers in his "cookery" series o f papers shows that variety will potentially exist even between
labs doing the same experiment, depending on the heating method used, or initiator for
example.

This thesis seeks to explore some o f the properties, both physical and performance related in
the design of new polymers. In all three studies presented here, the key descriptor of linking
performance with physical properties is considered. In essence, these are studies into
structure versus function.

The first of which looks at polymerisation conditions in a MW reactor and seeks to predict
performance based on physical properties. The second is a comparative study o f a set polymer
formed in several different formats. This seeks to offer an understanding o f how a
polymerisation method affects the resultant polymer. The third discusses the development of
a completely novel imprinting method, using DNA as a monomer and an understanding o f the
physical makeup o f these nanoparticulate materials. For each, a specific introduction to the
area is given at the beginning o f each chapter.

A wide range o f analytical techniques have been employed in these studies and these are
discussed in detail when first met, explaining how and why they were used.
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3.1 Preface
Molecularly imprinted polymers (MIPs) have been studied intensively as recognition materials
for various bio-analytical applications for three decades. Traditionally MIP monoliths are
obtained by thermal initiation o f azo compounds leading to free radical polymerisation. This is
commonly performed in an oven or an oil-bath. Despite the ease o f preparation, this type of
heating results in poor control over the polymerisation kinetics and induces poor batch-tobatch variability and increased heterogeneity in the resultant polymeric materials. A potential
alternative is the use o f microwave (MW) radiation as an alternative polymer initiation source.
Although MW irradiation has been studied significantly for heating chemical reactions and
polymerisation; it has received little attention for preparing MIPs. With its controlled
conditions and faster reaction speeds, it seems to be a suitable alternative polymerisation
technique.
The study presented in this chapter is aimed at understanding the effect o f different
experimental parameters on the physical and chemical properties o f a MIP. To do so, a series
o f MIPs have been prepared by MW irradiation. The polymerisation conditions including:
•

polymerisation heating rate,

•

length o f polymerisation,

•

polymerisation temperature,

These have been altered with an aim to optimise conditions for imprinting using a MW reactor.
A series o f the NIPs (non-imprinted polymers) have also been prepared for every MIP created
as negative controls. In addition to this, both the MIPs and the NIPs have been prepared by
traditional oven and UV polymerisations as positive controls for the MW polymers under
study. The obtained polymers have been characterised by different analytical techniques to
understand their physical properties and template recognition performance.
This study will help towards a better understanding of the MW polymerisation process and the
effect o f its experimental parameters on the physical and chemical properties o f the MIPs. This
would also allow us to understand whether MW polymerisation could be used as an
alternative polymerisation method for the preparation o f MIP monoliths.
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3.2 Introduction
MIPs have been studied extensively over the past few decades (1). Previous studies have
reported the range o f experimental parameters th a t have considerable effects on the polymer
make up and thereby on its performance (2-5).
Ovens have been widely used fo r carrying out therm al polymerisation reactions. Heating of
material in an oven occurs via conduction, which means the heat distribution depends on the
thickness and therm al conductivity o f the vessel. Moreover, the heat distribution w ithin the
material is driven by convection, which is largely affected by its volumes as well (6). The
distribution o f the heat is not homogenous in all the parts o f the oven. The schematic o f oven
heating is presented in Figure 3.1.

Figure 3 .1 : Non-homogenous heating by conventional oven (7). Arrows show the direction o f
heating. The reaction mixture adjacent to the vessel is over heated (shown in red) whereas the
mixture in the middle is much cooler (shown in light pink).
As shown in Figure 3.1, the outside-in heating o f conventional ovens or oil baths result in nonhomogenous heating profiles o f the reaction mixtures. Likewise, when polymerisations are
carried out in ovens polymer material on the outside w ill be heated differently to th a t in the
middle

o f the

reaction vessel. W ith

poor control

over the

internal

polymerisation

temperatures, exothermic reactions such as free radical polymerisations can result into
excessive internal energy when being held in an oven. This leads to the chain o f radical
form ation, also referred to

as auto-acceleration which

results into

inconsistent and

uncontrolled heating. This may have detrim ental effects on the make-up o f resulting polymers;
especially if it is a molecularly im printed polymer, which ideally relies on some form o f set
organisation in the structure. In the preparation o f the MIPs, elevated energy o f the pre
polymerisation

mixture

can

adversely affect

form ation

o f stable

m onom er-tem plate

assemblies which are very crucial fo r the form ation o f tem plate specific binding sites w ithin
the polymers. Not to forget tha t the make o f an oven would be different in the laboratories
around the world and w ill all have different heating profiles (e.g. a fan oven vs. a conventional
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oven; different sizes etc.). Different conditions will lead to different chain versus step reactions
in a polymerisation which in turn will lead to differences in the internal structure o f the
resulting polymer.
Hence, traditionally prepared polymers are likely to have non-homogenous make-up in their
internal structure as well as the ir macromolecular structure such as, porosity and surface area.
This can eventually affect the ir tem plate recognition performance. Thermal polymerisations
have also been carried out by using oil-bath or sand-baths alongside oven. The materials used
such as oil and sand provide slightly more consistent heating due to th e ir high heat capacities
compared to oven heaters (6). However, the heating parameters are not controlled and the
length o f the polymerisation by using such methods is quite time-consuming. On the other
hand, UV polymerisation by lamp or focussed beam is faster compared to its therm al
counterparts such as those carried out by an oven or oil-bath. However, studies suggest that
UV polymers show lower surface area and lower porosity which can be detrim ental to their
recognition performance (4).
Ideally, a polymerisation method w ith a faster, controlled and reproducible polymerisation is
the way forward fo r industrial applications. More im portantly, it should result into polymers
with comparable physical properties and performance. MW polymerisation clearly has an
advantage over other methods in increasing the production output fo r industrial applications
due to its much faster reaction kinetics.
Figure 3.2 shows the timescale o f MW polymerisation initiation times in comparison to other
methods.
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Figure 3.2: Comparison of times taken by different polymerisation initiation techniques;
adapted from (8).

MW reactors have proved to be an attractive alternate heating source fo r carrying out various
reactions in synthetic chemistry since late 1970s (9). Their use in the chemistry laboratories
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has increased consistently due to their ability to carry out extremely quick and controlled
reactions, while still maintaining excellent homogeneity, when compared to the conventional
heating sources (10-16).
It is important to understand the principle o f MW heating. MW reactors work slightly
differently as compared to a conventional oven. Analytical MW reactors emit focussed pulsed
microwaves (wavelength 1 millimetre to 1 metre) from an electromagnetic source onto the
material. If the subjected material contains polar molecules or charged ions, they re-align
themselves in accordance to the changing pulses o f the externally applied electromagnetic
microwaves.
Time
+

Changing o f
polarisation
o f electric
field
+

+

W a te r in an a lternating electric field
Figure 3.3: Schematics o f the realignment o f water molecules in a changing electromagnetic
field; adapted from (17).

As seen in Figure 3.3, constant re-alignment o f the polar molecules such as water generates
friction between them and generates heat. In a MW reactor, the material is heated from inside
to out unlike the oven or oil-bath heating (7, 18). Hence, MW heating is also termed as the
molecular heating or dielectric heating. This means the MWs can heat a material faster
w ithout being affected by the conduction or convection unlike the conventional oven heating.
Figure 3.4 explains the molecular heating o f a reaction vessel inside of a MW reactor.
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Figure 3.4: Homogenous heating achieved by MW reactor. Arrows show the direction of
heating unaffected by the thickness of the vessel wall or depth o f solution; overall
tem perature of the reaction mixture is independent o f the therm al conductivity o f the vessel.
The reaction mixture in the vessel is heated evenly (shown in pink); adapted from (7).
The frequency of the microwaves used in a typical laboratory reactor is 2.45 GHz which is
similar to the domestic MW ovens used fo r cooking (17, 19, 20). The therm al energy is
constantly supplied in pulsatile fashion even before the electrons o f the reactant molecule
relax. This impulsive energy transfer from the microwaves to the material can be as quick as
1 0 9 seconds due to th eir closed vessel designs. This enhances the kinetic energy o f colliding
molecules very rapidly and results in considerably faster heating rates (17).

The role of dielectric property of the reactant material is crucial in a MW heating. Although it is
favourable to have a polar solvent fo r MW heating, it is absolutely fine to heat non-polar
solvents too. Polar compounds being dissolved in a non-polar solvent could sometimes lead to
even higher dielectric heating. This is because the polar molecules can lag even far behind the
changing electric field of the microwaves when they are dissolved in a non-polar solvent (21).
The type o f porogen predominately affects the penetration o f microwaves and thereby the
heating rate of a polymerisation. As a result of the differential heating patterns, the pore size
and the surface area o f the polymers are largely affected. The study o f the effect o f different
porogens on the properties o f the resulting MIPs can be an interesting area o f research as one
can produce MIPs with desired physical properties by changing the porogen. Some studies also
report that the faster polymerisation kinetics is achieved by faster degradation o f the initiator
due to localised superheating in a domestic M W heating (22, 23). Localised superheating in
domestic MW reactors can lead to inconsistent heating o f the material as well. Figure 3.5
explains the drawbacks o f using a domestic MW reactor, as those used in kitchen.
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(i)

i
(3 )

Figure 3.5: Heating reaction in a domestic MW reactor; (1) vessel wall th a t does not affect the
MW heating; (2) reaction mixture th a t absorbs the MW energy shown by the pink colour and
(3) molecular heating by strong M W overcrowding leads to localised superheating as shown by
red dots.

Figure 3.5 explains the heating mechanism o f domestic MW ovens used fo r food preparation.
Although being quicker in heating substances compared to convection oven, they suffer from
non-homogenous distribution o f microwaves in the vessel leading to localised superheating in
some parts o f the food. However, this issue has been addressed w ith the design o f focussed
MW reactors. In these reactors, microwaves are transferred in a controlled impulsive form
with the aid o f specially designed magnetron sources. Such focussed MW reactors produce
highly controlled microwaves and are mainly used fo r laboratory purposes, as illustrated in
Figure 3.6.

(2)

Figure 3.6: Top view of a laboratory MW reactor; (1) Magnetron th a t generates pulsed
microwaves in the channel surrounding the sample cavity and (2) specially designed slits for
even radial distribution o f micro waves fo r homogenous heating (7,19, 20).

Apart from th eir homogenous heating patterns, MW reactors are also safer to use while
handling large polymerisation mixture volumes. Large volumes in traditional oven heating
technique pose a risk o f explosion due to the exothermic nature o f the reaction (5), whereas
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the closed and pressure controlled vessel design o f laboratory MW reactors ensures safer
reactions at higher tem peratures (18). Existing commercial MW reactors can take reaction
volume o f up to 100 litres which may be useful fo r the easy scale-up o f the reaction too. In
addition to its much controlled, faster and consistent heating, a MW reactor also comes with
additional features fo r controlled cooling, stirring and condensing to adapt to the nature o f the
reaction (17, 24). Ever since the M W reactors have been used fo r heating, it has been
debatable if they possess potential non-thermal effects in addition to dielectric heating (18,
25). However, the vast m ajority of the studies have reported th a t the heating achieved in MW
reactors is solely due to the molecular heating and not due to "non-therm al" effects of
microwaves (6,15).

The presented study focuses on developing M W MIPs prepared by therm al free radical
polymerisation. Before MW reactors are discussed further, it would im portant to understand
the nature o f a free radical polymerisation. It starts by the breakdown o f an in itiator and
liberation o f free radicals. The more the radicals formed, the higher the kinetic energy is
liberated which leads to quick onsets o f more radical form ation throughout the reaction
mixture. This positive feedback o f radical form ation mechanism is referred to as auto
acceleration which continues until all the initiator decomposes. The radicals form ed from the
initiator breakdown leads to dimerization and polymerisation o f the monomers present into
the reaction m ixture (as discussed in the introduction Section 2.4.1). Highly elevated kinetic
energy during the polymerisation increases its tem perature beyond the set value. This is
referred to as Norrish-Trumsdorff effect (11, 26, 27). When the polymerisation is carried out in
a M W reactor, it becomes difficult to say whether the decomposition o f the in itia to r is due to
the elevated tem perature of MW heating or the effect o f MW irradiation itself as it is often
achieved w ith the UV irradiation. The best way to assess this would be by carrying o ut the
polymerisation at low temperatures using a M W reactor. To do so, the tem perature range
should be chosen well below the decomposition tem perature o f the initiator being used.
It has been established th at faster and controlled heating is offered by MW reactors, th a t
allows to run even solvent free reactions to produce much cleaner products than th a t o f
conventional heating (6, 14, 16, 28). Also the molecular weights o f these MW polymers are
similar to th a t o f the oven polymers when prepared in comparable conditions (29). The MW
reactors currently available are also w ithin cost reach o f most laboartories (~£10 -£20
thousand) (14th August, 2015). Thus, MW reactors could be useful alternative source fo r
carrying out faster, reproducible, controlled, economic and scalable therm al free radical
polymerisations o f MIPs. By carefully optimising experimental conditions and reaction
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components, MW reactors could prepare polymers w ith desired properties in imprinted
materials (13).
The properties o f a MW reactor, compared against a traditional therm al heating method are
summarised in the Table 3.1.

Table 3.1: Summary o f the comparison between MW and conventional heating parameters;
adapted from (14)

Experimental parameter

MW heating

Conventional heating

Heating rate

Can be controlled; can be set

Approxim ately set.

as needed

Uncontrolled; slow

Can be controlled

Non-homogenous heating;

Reaction tem perature

under or over heating
Reproducibility

High

Low

Yield

High

Low

Reaction tim e

Short

Long

Homogeneity o f heating

Homogenous; no wall-effect

Non-homogenous; wall-effect

observed

observed

Thanks to the virtues o f MW reactors, their use has continued to rise in past tw o decades for
carrying out polymerisations (11, 25, 29, 30). Figure 3.7 shows the tim eline of the to ta l number
o f articles in scientific journals describing the use o f MW reactors fo r polymerisations.
200
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Year
Figure 3.7: Timeline o f articles published w ith MW assisted polymer synthesis; Adapted from
(31).
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Although MW reactors are used fo r different types o f thermal polymerisations, this work will
explore its use to develop free radical MIPs and would be the method o f interest fo r the course
of this entire study.
MIPs are tailor-made polymers which have been investigated widely for improved recognition
performance compared to other polymeric materials (1, 32, 33). The niche of the MIPs is their
ability to selectively identify the target template. This is unlike most other silica or polymeric
materials that adsorb the target non-selectively (1, 34). Development o f the MIPs by MW
polymerisation could help combine the best o f both the worlds; the selectivity of the MIPs
with scalabality and reproducibility of MW polymerisation.
Numerous studies have reported the use o f MW reactor for the development o f polymers;
however only a handful of them have explored its reaction parameters and their influence on
the properties o f the resultant polymers. One common finding in most o f these studies is that
MW reactors significantly enhance the rate of the monomer conversion in comparison to its
traditional counterparts (10, 11, 29, 35). This means that MW polymerisation can significantly
enhance polymerisation kinetics without affecting the monomer conversion that is usually
achieved with traditional methods. Faster polymerisations could be benificial to imprinting as
it could ease the scale-up issues for industrial scale preparation of the MIPs. In the presented
study, the amount of monomer conversions achieved by short MW polymerisations have been
be investigated which will be discussed later in Section 3.4.2 o f this chapter.
As discussed earlier in the introduction Section 2.4.1, experimental controls play a crucial role
in defining the make-up and performance o f the MIPs. Where traditional heating parameters
have been studied well in detail, the MW heating has not been investigated thoroughly for the
MIP preparation (36). Only a few studies have been reported some two decades ago where
MW heating has been found to enhance the polymerisations significantly (10, 11), not to
mention this studies have been based on non-imprinted polymers. Both these studies have
found that faster MW heating significantly improves polymerisation kinetics. At the same time,
different MW heating rates also show considerable differences between their polymerisation
kinetics. This suggests that different heating rates could play a crucial role in defining the
properties of the polymers, especially that o f the MIPs. This is because MIP preparation
includes the formation o f stable monomer-template assemsblies in the pre-polymerisation
mixture before the covalent cross-linking occurs. Such assemblies are formed by comparatively
weaker non-covalent interactions, the stability o f which may be largely governed by the
thermokinetics o f the polymerisation (as explained earlier in Section 2.4). Not to mention, the
importance of stable monomer-template assemblies in forming template selective binding
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sites in the polymer matrix. The lack o f such template selective binding sites could also affect
the performance of the polymers. Hence, there is a strong need to understand as to how the
variables associated with MW and traditional heating can affect the polymerisation process as
well as the quality o f the MIPs.
The use of MW irradiation has been reported in the MIP literature mainly as a method for the
template removal. MW assisted template removal is gaining interest in the areas o f MIP
preparation as it avoids using large quantities o f the solvents unlike soxhlet extraction (34, 37,
38). However, only a handful of studies have explored the real scope o f MW assisted MIP
preparation (27, 39,40).
One o f the very first attempts were made where MW irradiation was also used at 200 W for
five minutes to polymerise a-tocotrienol imprinted polyacrylamide on the surface o f the
microspheres (41). The polymerisation kinetics achieved with the MW reactor were
significantly faster and they also showed improved template recognition. The same group
presented another study where the physical properties o f the MW MIPs were analysed. From
the correlation analysis between the morphology and the performance, it was found that the
MW MIPs exhibited rougher surface with higher pore volume and performed better than that
of the MW NIPs. MW irradiation showed faster and improved grafting o f the acrylamid MIP on
the chitosan microbeads. However, this study lacked a direct comparison between the MW
heating with the traditional heating (42).
Soon after this, another study was reported where caffeine imprinted MIP monoliths were
cured by MW irradiation with 150 W MW power fo r 15 minutes (27). For the first time, a direct
comparison o f MW and oven polymerisations was made by comparing the physicochemical
properties o f the MIPs. This study also highlighted that the performance o f the MIPs was
greatly influenced by their physical properties, such as, surface area, pore volume, degree of
cross-linking and morphology. Although the MW MIPs showed slightly lower template binding
performance, their imprinting efficiency was comparatively higher than the oven MIPs. Since
the imprinting efficiency o f the MIPs is the measure o f their selective binding sites, controlled
MW polymerisation might result into more stable monomer-template assemblies. MW heating
significantly enhanced polymerisation kinetics here as well, in MW polymerisation achieved in
just fifteen minutes against 24 hours in the oven.
Another study reported preparation o f the MIP magnetic microbeads by precipitation in a MW
reactor. The MIPs were characterised fo r their physical properties and template binding
performance. Thermogravimetric analysis o f the MIPs ensured considerable stability. The MW
MIPs also resulted into more homogenous particle morphology, shape and narrow particle size
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distribution in comparison to conventional UV polymerisation. The study was extended to
tem plate binding experiments where MIPs showed selectivity and specificity towards the
target tem plate. The entire preparation of MW MIP magnetic microbeads took less than an
hour compared to 14-24 hours long conventinal polymerisations (30, 43-45).
Another recent study reported the preparation o f imprinted polymer fibres in a MW reactor.
Here, the MIP m onolith fibres were prepared at a high MW power o f 800 W fo r different
polymerisation times and the length o f the polymerisation was correlated to their tem plate
recognition performance, as shown in Figure 3.8.
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Figure 3.8: Production o f MIP fibres by MW polymerisation, adapted from (39). (1) Filling the
capillary w ith the pre-polymerisation mixture; (2) MW polymerisation at 800 W fo r different
times (5 - 35 minutes); (3) Resultant polymer fibres are pushed out to remove the tem plate;
(4) Polymer fibres pushed back into the capillary mold.
Polymerisation carried out in a MW reactor was 20 times faster than in w ater-bath. The
recognition performance o f the MW MIPs initially increased fo r up to polymerisation tim e o f
eight minutes; however it decreased consistently when the polymerisation times were
extended further. W ithout analysing the MIP fibres fo r other physical properties, they could
not explain as to why the performance o f these MIP fibres decreased w ith the tim e (39, 46).
A recent study reported comparative analysis o f im printed polymer microparticles prepared by
oven and MW irradiation. The MW polymerisation was carried out at 70 °C fo r 120 minutes,
whereas the oven polymerisation was carried out at different tem peratures and using different
porogens fo r up to 24 hours. It was found th a t when the polymerisations were carried out by
using the same porogen and other polymerisation components, oven (for 12 hours) and MW
irradiation (for 120 minutes) showed comparable recognition performances o f the resulting
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MIPs (47). This showed that in addition to their quicker polymerisations, MW polymerisations
could produce MIPs with comparable properties to that of oven MIPs.
Another recent study reported preparation o f MIPs by MW irradiation (40). The study involved
the selection of a suitable monomer based on NMR titrations and the optmised MIP recipe was
then polymerised for imprinting theophylline in a MW reactor at 60 °C for 15 minutes with 100
W MW power. The oven MIPs on the other hand were left polymerising overnight. Both the
set o f MIPs were evaluated fo r physical properties such as, surface area, pore volume and
degree o f cross-linking. It appeared that both MW and oven MIPs showed comparable degree
o f cross-linking but the imprinting efficiency was considerably higher in the MW MIPs than the
oven MIPs. When both the set o f MIPs were compared for their surface area, the oven MIPs
showed slightly higher values than that o f the MW MIPs. Although this study correlated the
physical properties of the MIPs to their recognition performance, it did not explore different
experimental parameters and their effects on the properties o f resulting MIPs. Experimental
parameters related to MW polymerisation (MW power, time and length o f polymerisation)
especially would be very interesting to study fo r its possible effect on the properties o f the
MIPs.
From the discussion on the existing studies, it seems that MW irradiation fo r the MIP
preparation has not been fully investigated; some studies investigated physical properties of
the MIPs and the others studied their recognition performance. Unfortunately, there has been
no coherent study to incorporate a direct comparison between the traditional and MW
polymerisation methods to correlate the physical properties and the performaces o f the MIPs.
From the literature review on MW heating, this work proposes that the MIPs polymerised by
MW reactor across a wider range of heating rates, temperatures and times could exhibit
different physical properties (such as, surface area, pore volume and pore size). This could help
in understanding whether the difference into the physical properties reflect further into their
performance. In this study, the MIPs polymerised by MW reactor have been directly compared
to identical polymer mixtures polymerised by oven and UV irradiation. This is to know whether
MW irradiation could be used as an alternate to the traditional methods.
Xanthine derivates such as caffeine and theophylline have been widely studied fo r the
development of MIPs due to their medical importance and ease of forming sufficient nonI
covalent binding with the conventional monomer mixture (27, 36, 48, 49). In the presented
study, caffeine has been chosen as the template to generate polymers with more comparable
properties to previously reported ones. The polymerisation recipe in this study consists o f co
monomer mixture o f MAA-EGDMA with acetonitrile as the porogen. The ratios between the
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ingredients have been optimised by NMR, UV titrations and by the computer modelling as
described earlier (27, 36). The details on the experimental protocols and analysis of the MIPs
are described in the following Section 3.3 o f this chapter.
3.3. Materials and methods
This section involves the materials and methods involved in the preparation and analysis o f the
polymers understudy.
3.3.1 Materials
Methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA), acetonitrile, 2,2'-azobis(2methylpropionitrile) (AIBN), caffeine, 2-(dimethylamino) ethyl methacrylate (DEAEM) and 1,1'azobis(cyclohexanecarbonitrile) were purchased from Sigma-Aldrich (UK). Toulene, methanol
(MeOH), glacial acetic acid, divinylbenzene (DVB), dimethylformamide (DMF) were o f HPLC
grade and were purchased from Fisher Scientific (Loughborough, UK). Double distilled
ultrapure water (Millipore, Livingston, UK) was used fo r analysis. The solid phase extraction
(SPE) tubes (Supleco, 1ml) were purchased from Sigma-Aldrich (Gillingham, UK). The Pyrex
glass-tubes used for polymerisation were purchased from Discover (Buckingham, UK).
3.3.2. Polymer synthesis
Polymer monoliths were prepared by imprinting caffeine as the template in their matrix. In
order to do so, similar protocol was used as reported by (27). 97 mg of caffeine (0.5 mmol) was
weighed and dissolved in 2 ml acetonitrile in a 10 ml test-tube. 0.175 ml o f MAA (2 mmol) and
1.248 ml EGDMA (6 mmol) were added to the mixture in the test-tube. This was sonicated for
2-3 minutes till all the caffeine dissolved completely. AIBN (15 mg, 0.09 mmol) was then added
to the reaction mixture in the test-tube followed by degassing with nitrogen bubbling for
about 10 minutes. The test-tube was closed and placed in a 2.45 GHz CEM Discover Benchmate
MW reactor (CEM Corp., UK) under different MW powers from 5 W to 300 W at the set
temperature o f 60 "C for 15 minutes. Specified MW powers heated the polymerisation mixture
at different rates to attain the desired temperature (60 °C). When the set polymerisation
temperature (60 °C) was attained, the MW system turned o ff (0 W) and the power was no
longer supplied. Hence, any further change in the polymerisation temperature was not due to
the supplied MW energy but merely due to the exothermic energy generated as a result o f the
free radicals created during the polymerisation. Temperature was recorded throughout the
polymerisation reaction live on the computer through Synergy™ interface with an aid o f in situ
infra-red temperature probe. Prepared polymeric monolith containing test-tube was removed
from the MW reactor and allowed to cool. Monolith was then wet ground using methanol and
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sieved to get the particle size range between 45 pm to 63 pm. Desired particle size fraction
was collected, dried and subjected to soxhlet extraction in methanol containing 10 % acetic
acid fo r 24 hours in order to remove the tem plate (caffeine). Although MW irradiation is
widely used for the tem plate removal in the preparation of the MIPs, soxhlet extraction was
used fo r the tem plate extraction. This is because if the tem plate removal was carried o ut by
MW

irradiation followed by a MW assisted polymerisation, it could lead to further

polymerisation and false interpretation o f the polymer characteristics. This is a commonly
found protocol where MW extraction is avoided for the tem plate removal from the MW cured
MIPs. Template removal was continued fo r tw o more extraction cycles o f methanol for 24
hours to clean the polymers completely. MIP extracts were inspected visually under UV light if
caffeine was still leaching out of the MIP matrix. Visual inspection under UV lamp ensured that
24 hour long soxhlet extraction cycles w ith acidified methanol (10 % v/v, 400 mL) followed by
methanol (400 mL) was sufficient to remove caffeine completely from the MIP matrix.
Polymers were then dried and stored at the room tem perature. Figure 3.9 represents the
schematics o f the polymer preparation protocol used in the presented study.

(1)

(2)

Figure 3.9: Schematics o f the polymer m onolith preparation; (1) polymerisation using a MW
reactor; (2) w et grinding and sieving (45pm - 63 pm); (3) soxhlet extraction (10 volume % acidic
methanol) and (4) 100 mg polymer packed in polypropylene SPE cartridges.
A series o f the non- im printed polymers (NIPs) were prepared under identical experimental
conditions but w ith no presence o f the tem plate caffeine. Both the MIPs and the NIPs were
prepared

by the

MW

reactor by varying its experimental parameters such as, the

polymerisation rate, the polymerisation tim e and the polymerisation tem perature. These
parameters are summarised in the following tables.
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Table 3.2: MW polymers prepared at 60 °C for 15 minutes by varying polymerisation rate
Polymer

Polymerisation

Polymerisation

Microwave power

code

time (minutes)

temperature (°C)

(W) used

M30

15

60

5

M15

15

60

50

M10

15

60

150

M34

15

60

300

Polymerisation rate achieved with MW power was optimised to 5 W. The remaining o f the
polymers was prepared at 60 °C with 5 W MW power by altering the polymerisation
temperature. The polymers prepared for different time durations are presented in Table 3.3.

Table 3.3: MW polymers prepared at 60 °C with 5 W powers by varying polymerisation time

Polymer

Polymerisation

Polymerisation

Microwave power

code

time (minutes)

temperature (°C)

used (W)

M35

5

60

5

M30

15

60

5

M37

35

60

5

M38

60

60

5

Polymerisation time by MW irradiation was then optimised to 5 minutes. The remaining o f the
polymers was prepared at 5 W for 5 minutes by altering their polymerisation temperatures.
The polymers prepared at different temperatures are presented in Table 3.4.

Table 3.4: MW polymers prepared at 5 W for 5 minutes by varying polymerisation
temperature

Polymer

Polymerisation

Polymerisation

Microwave power

code

time (minutes)

temperature (°C)

used (W)

M35

5

60

5

M42

5

75

5

M43

5

90

5
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Polymerisations were also carried out at 40 °C and 50 °C but they did not polymerise, may be
due to non-degradation o f the initiator. A series o f non-imprinted polymers were also
prepared as a control fo r the each o f the MIP listed above.

Likewise, caffeine imprinted and non-imprinted polymers were also prepared by oven and UV
polymerisations as a control set o f polymers against the MW polymers. Oven polymerisation
was carried in identical Pyrex test-tube using a forced air circulation oven (Twin display,
Memmert, Germany) at different temperatures (60 °C to 90 °C) for different time durations
(from 4 hours to 24 hours). All the oven polymers prepared are summarised in the following
tables below.
Table 3.5: Oven polymers prepared at 60 °C by varying polymerisation time

Polymer

Polymerisation

Polymerisation

code

time (hours)

temperature (°C)

06

4

60

08

8

60

O10

16

60

02

24

60

Oven polymerisation time was optimised to 8 hours. The remaining o f the oven polymers were
prepared fo r 8 hours by varying temperature.
Table 3.6: Oven polymers prepared fo r 8 hours by varying polymerisation temperature

Polymer

Polymerisation

Polymerisation

code

time (hours)

temperature (°C)

08

8

60

012

8

75

014

8

90

The UV polymers were prepared by using exactly same polymer recipe using a shortwave (CL1000, 254 nm) UV cross linker bench top reactor (UVP, CA, USA) with exposure delivery o f xlOO
pJoule cm2 by varying polymerisation time and temperature as summarised in the following
tables. UV polymerisations were carried at 0 °C and 20 °C for different times (from 4 hours to
24 hours).
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Table 3.7: UV polymers prepared at 20 °C by varying polymerisation time
Polymer

Polymerisation

Polymerisation

code

tim e (hours)

temperature (°C)

U4

4

20

U6

8

20

U8

16

20

U2

24

20

Polymerisation time by UV irradiation was optimised to 8 hours to prepare the remaining of
the polymers by varying the temperature which are summarised in Table 3.7.
Table 3.8: UV polymers prepared for 8 hours by varying polymerisation temperature

Polymer

Polymerisation

Polymerisation

code

time (hours)

temperature (°C)

U10

8

0

U6

8

20

A series of NIPs were prepared in identical manner fo r every MIP prepared by all three
methods under study (MW, oven and UV), as mentioned earlier. Please note that the reaction
volume and the type o f reaction vessel (Pyrex test-tube) were kept the same in all three
polymerisation

methods

to

avoid

inconsistencies

among

these

parameters.

MW

polymerisation is a fully controlled heating reaction. Hence, it would be important to
understand how it functions before the analytical methods are discussed further.
The MW reactor used in these experiments (CEM Benchmate, CEM Corp, UK) can be
programmed to carry out heating at a specific power, temperature and time. It is important to
understand how it actually carries out a heating reaction with the set experimental
parameters.
3.3.3. Polymerisation kinetics
Polymerisation temperatures were recorded per second for the MW polymers via in-situ IR
temperature probe inserted into the MW reactor (CEM Benchmate, CEM Corp UK). The
temperature profiles were reconstructed from the recorded temperatures and were calculated
into heating rates (°C minute'1).
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3.3.4. Total monomer conversion
Total

monomer

conversion

was

calculated

for

the

prepared

MW

polymers.

UV

spectrophotometry was used to calculate the total monomer conversion into polymer under
different polymerisation conditions. Polymer monoliths obtained from the MW reactor were
ground dry with the aid o f mortar and pestle for 5 minutes. The powered polymer was filled
into the cellulose extraction thimbles and was subjected to soxhlet extraction in analytical
grade methanol for 24 hours. Polymer fines were allowed to sediment and aliquots o f 2 ml of
obtained extracts were taken fo r each sample. A six-point calibration curve o f the monomer
mixture (0.095 mM to 2.95 mM) was produced in methanol by the UV spectrophotometric
analysis of the mixture at 220 nm in triplicate (see appendix, Figure 1). The methanolic extracts
o f polymer washes were then analysed for their absorbance by UV spectrophotometry
(PerkinElmer LAMBDA Bio+) at Amax=270 nm and monomer amounts in the extracts were
calculated from the calibration curve already produced. The amount o f the monomers (in mM)
leached out in the soxhlet washings was then subtracted from the total amount o f the
monomers used in the polymerisation to calculate the amount of the monomers converted to
the polymer. The monomer conversion amdunts were then calculated as the % o f the original
mixture for all the MIPs prepared through the range o f MW powers, temperatures and the
lengths o f the polymerisation. The total o f amount of the monomers converted to polymers
was expressed as the % monomer conversion which are listed later in the results Section 3.5.1.
3.3.5. Differential scanning calorimetry
To carry out the analysis, 2.5 mg of polymer sample was placed in the DSC aluminium crucible
(40 pi, M ettler Toledo, UK). The pans were then crimped using a crimping device (M ettler
Toledo, UK). The pan with the polymer sample was then pin holed and placed in the sensor
device along with an empty aluminium pan as the reference. Experimental values were filled
into the STARe software (M ettler Toledo, UK). The argon inlet was turned on and set to 80 ml
min '1 rate (in order to get the Hg pressure reading of 54 mm). The heating cycle (10 - 200°C
min'1), the equilibrium phase (200 °C for 3 minutes) and the cooling cycle (200 - 10 °C min'1)
were set up in the STARe software. The flow o f the argon was maintained at 80 ml min '1
throughout the measurement. Analysis o f each polymer was carried out in triplicate followed
by the calculation of the mean and the standard deviation values of the measured glass
transition temperatures (Tg). Different polymer samples were compared against each other for
the difference in their Tgvalues and were plotted as bar graphs as presented in Section 3.5.2 of
this chapter.
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3.3.6. Thermogravimetric analysis
To carry out the analysis, approximately 5 mg o f each polymer was placed in an open DSC
aluminium pan. The sample was then heated from 30 °C to 600 °C at the rate o f 10 °C minute 1
using a Diamond TGA /DTA (Perkin Elmer, MA, USA) and mass loss recorded.

3.3.7.

Porosimetry measurements

To carry out the analysis, 20 - 30 mg o f sample was first degassed at 110 °C under vacuum fo r
one to tw o hours to remove any adsorbed solvent. Determinations o f specific surface area
were performed using an ASAP 2000 instrum ent (Micrometries) based on the nitrogen m u lti
point BET method (maximum experimental error less than 1 %) which aims to investigate the
surface area and pore characteristics o f a material by physical adsorption o f the gases (such as
nitrogen and argon) on it. W ater permeability measurements were performed in a UF cell (d =
25 mm, model 8050, Amicon Corp.) using different hydrostatic pressures as driving force. The
adsorption isotherm of this degassed sample was then measured using nitrogen as the
absorbate at a tem perature o f 77 K (degree kelvin) covering the partial pressure (P/P0) range
o f 0.05 to 0.35. Figure 3.10 presents a typical porosimetry plot recorded in the study.
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Figure 3.10: A six-point linear BET plot 1/[W (P0/P )-l] vs P/P0 generated by Quantachrome™
Novawin2.
The specific surface area o f each sample was automatically calculated from the slope and the
intercept using the linearised BET equation by the NovalOOOe from the adsorption data as
shown in the Figure 3.13. The calculations could be derived from Equation 3.1 (50).
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Where, P = partial vapour pressure (Pa) o f the adsorbed gas
P0 = saturated pressure (Pa) o f adsorbed gas
W = volume o f gas (ml) adsorbed at standard temperature (273 K) and pressure (1X105 Pa)
(STP)
Wm= volume of gas (ml) adsorbed at STP to produce a monolayer on the surface of the sample
C = dimensionless constant related to the enthalpy o f adsorption o f the gas on the sample
surface
The pore size distribution was calculated using a density functional theory (DFT) based
approach using Nova lOOOe Surface Area (by using Quantachrome™ Novawin2 software) and
Pore Size Analyser (Quantachrome, UK). Average surface area, total pore volume and average
pore radii were then plotted as bar graphs against the experimental parameter under study
(MW power, polymerisation time and polymerisation temperature).
3.3.8.

Scanning electron microscopy

Scanning electron microscopy (SEM) was used to analyse polymer samples fo r their
morphology. To carry out the analysis, the ground polymer samples were sprinkled onto the
carbon sticker and then coated with gold using POLARON sputter coater at 2.0 kV coating
voltage for 2 minutes to give the coating thickness of around 20 - 25 nm. The samples were
handled by the specimen holder and viewed under Zeiss Supra 55VP FEG SEM at 250X and 5 KX
magnification.
3.3.9.

Solid phase extraction

To carry out SPE based analysis, 100 mg o f each polymer was packed into 1 ml solid phase
extraction cartridges in triplicate (Supelco Ltd, UK). Figure 3.11 shows the schematic describing
the steps involved in a typical SPE analysis and explains the method used for the SPE based
analysis in the presented study.
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Figure 3.11: Schematic o f the operational steps involved in an SPE analysis; (a) conditioning of
stationary phase packed into the cartridge, (c) percolation o f the template(s) sample through
conditioned stationary phase, (c) washing step for the removal o f interfering analytes and (d)
elution o f the target template.

Conditioning: The MIP-SPE cartridges were conditioned by using 1 ml HPLC grade acetonitrile.
Template rebinding / percolation: Rebinding solutions o f caffeine (0.05- 3 mM, 1 mL) were
prepared using HPLC grade acetonitrile (Chromasolv, Sigma-Aldrich, UK). The solutions were
then passed through the cartridges using a Supelco vacuum manifold connected to a vacuum
pump. The flow rates were maintained constant to 1 mL m inute'1to obtain homogeneity o f the
binding kinetics.

Washing / removal of interfering components from the MIP: This step was om itted from the
SPE protocol used in the study since the rebinding solution only contained caffeine (template)
and not a mixture of compounds.

Elution: The tem plate released from the MIP-SPE was collected subjected to fu rther
quantification by HPLC (51). In the presented study, caffeine was the only component in the
rebinding solution. Therefore, this step was om itted from the protocol. The known am ount of
caffeine was passed through the MIP-SPE cartridge and the unbound caffeine (collected at the
bottom ) was subjected to HPLC analysis for further quantification. The am ount o f caffeine
bound selectively to the MIP was calculated by subtracting the amount of tem plate th a t did
not bind to the MIP (or quantified by HPLC) from the total amount o f the tem plate th a t was
initially introduced to the MIP-SPE.
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For each round o f the mentioned protocol, all the cartridges was washed thoroughly with 5x1
mL aliquots o f HPLC grade methanol followed by drying with 1 mL HPLC grade acetone to
remove previously bound caffeine to the MIPs. Cartridges were then dried under vacuum for
about 15 minutes and re-used fo r another round of rebinding experiments. The reusability of
the MIP-SPE cartridges were not analysed fo r extended period but were re-used for caffeine
rebinding experiments for up to 20 times without considerable effect on their template
recognition performance.
3.3.10. High performance liquid chromatography
Caffeine rebinding solutions (1 mL) collected through the SPE cartridge was subjected to
caffeine quantification by using Agilent 1260 INFINITY LC systems equipped with 60 mm DAD
detector cell (Xmax 270 nm, noise level 0.6 uAU cm'1). The LC based quantification o f 10 pL
caffeine extract was carried out using the mobile phase water: acetonitrile (50:50) (30 ± 0.05
°C, 0.1 mL m inute1) through reverse stationary phase (ACE Excel 3 Super 18, ID - 150 x 4.6
mm, EXL - 111 - 1546U). Caffeine calibration curve was prepared in the concentration range
of 0.05 mM to 3 mM under identical condition (see appendix, Figure 2) and was used fo r the
quantification o f the unbound caffeine extracts collected from MIP-SPE. The amount o f
unbound caffeine was then deducted from the total amount of caffeine introduced to the SPE
MIP cartridges, as explained in Section 3.3.9. The amount o f bound caffeine was then plotted
against the total amount of caffeine introduced as discussed in Section 3.4.6. Caffeine
rebinding experiments were also carried out on the parallel set of NIPs and the imprinting
factors (IF) were derived as a ratio o f (BoundM|P/ B ounds).
Section 3.4 explains the results obtained from various physicochemical analyses o f the
polymers under study.
3.4. Results and Discussion
The polymers prepared under different experimental conditions were analysed by various
physicochemical techniques as described in Section 3.3. This section presents and discusses
the findings obtained from this analysis.
3.4.1.

Polymerisation Kinetics

Physical properties o f the polymers are influenced by their preparation conditions including
the rate o f heating, heating temperature and even the length of polymerisation. It can been
difficult to record such properties while carrying out polymerisations in an oven or oil-bath;
however the automated and controlled nature o f a MW reactor allows precise record o f these
parameters.
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Before conducting the analysis, it would be im portant to discuss how a typical heating profile is
obtained from a MW reactor whilst carrying out a free radical polymerisation of MIPs. Figure
3.12 illustrates a typical heating profile obtained from MW reactor.

_

u

100

Constant power input
to attain the set
reaction temperature

Power input to
maintain the set
tem perature (60°C)
for the desired
polymerisaiton
time

80
CL

60
No power input. Increase in
the tem perature above the set
reaction tem perature is purely
due to the exothermic nature
of the thermal free radical
polymerisation

40

20
Q_

0

5

0

P o lym e ris atio n tim e

10
(m in u tes )

Figure 3.12: Heating profile o f a MW reactor fo r a free radical polymerisation.

As explained in the heating profile in Figure 3.12, the MW irradiation starts heating the
reaction mixture at specified power and once the set tem perature is attained, it stops
inputting any power. This is to let the reaction to be carried out fo r however long it remains
above the set tem perature. For a free radical polymerisation, the initiation phase is highly
exothermic which in the most cases is much higher than the set polymerisation tem perature.
The automated MW reactor is designed in such a way th a t it does not interfere w ith the
initiation process o f a polymerisation and its exothermic nature (as shown earlier in Figures 3.3
and 3.4). This makes it comparable to traditionally heated mixtures as it just aids the rate of
the initiation by the virtue o f the additional power supplied.

When the exothermic initiation phase ends and the chain propagation starts, the tem perature
decreases gradually. At this stage, the set power is constantly fed to maintain the set
tem perature fo r the specified tim e (as seen in Figure 3.12). It would be im portant to note here
th a t although the MW irradiator has cooling function; all the polymers prepared in this study
have been cooled naturally once the polymerisation is completed. This is to minimise any error
in the tem perature reading plus to make MW polymers more comparable to the parallel series
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o f the conventional polymers Following sections explain the physicochemical analytical studies
used fo r the analysis o f the prepared polymers.
A record o f tem perature in particular may help to understand the polymerisation kinetics. In
the presented study, polymerisation tem peratures were recorded as a function of the
polymerisation kinetics as described earlier in Section 3.3.1. Recorded tem peratures were
plotted as a function o f polymerisation tim e. Out o f the three experimental parameters under
study (heating rate, tim e and tem perature), tw o parameters were kept constant at each tim e
w hilst the third parameter was varied. The first set of tem perature records were o f the MW
polymers prepared at 60 °C fo r 15 minutes w ith varying heating rates by changing MW powers
from 5 W to 300 W, as presented in Figure 3.13.
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polymerisations at 60 °C fo r 15 minutes at variable MW powers; represented by different
colours (5 W -purple, 50 W-

, 150 W-red and 300 W-blue).

As seen in Figure 3.13, it was found th a t the polymerisation kinetics were significantly affected
when the polymerisations were carried by varying MW powers. The rate o f heating was found
to increase by increasing MW power from 5 W to 300 W.
To understand the kinetics further, heating rates (°C m inute'1) were calculated by measuring
the polymerisation tem perature as a function o f tim e from the start o f the polymerisation until
it reached the set polymerisation tem perature (60 °C). This particular heating phase was
chosen to study the polymerisation kinetics because different MW powers applied fo r heating
would only affect the heating rate until the tem perature reached its set value. Once the
desired tem perature was attained, MW power would be shutdown to let polymerisation occur
w ith its own kinetics (as described in Figure 3.13). It was found that the slowest heating rates
were achieved w ith the lowest power (5 W) which was 12 °C m inute'1. Upon increasing the
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MW power to 50 W, 150 W and then 300 W, the heating rates of 25 °C minute'1, 52 °C minute'

1 and 85 °C m inute 1 were achieved respectively. This was in agreement with an earlier finding
where the heating rates o f a MW reactor increased by increasing power used for carrying out
polymerisation (15).
In addition to this, an investigation was made to understand whether different heating rates
affected the amount o f monomer conversion into the polymer. Total monomer conversion
and heating rate was then calculated for each polymerisation carried out by varying MW
power (as described in Section 3.3.4).
Table 3.9: Heating rate and monomer conversion achieved with different MW powers at 60 °C
for 15 minutes
MW power

Heating rate

Total monomer

(W)

(°C minute'1)

conversion (%)

5

12

98.57

50

25

99.6

150

52

99.75

300

85

99.98

The heating rates o f different polymerisations were found to increase considerably from 4 °C
minute '1to 85 °C m inute 1when the supplied MW power was increased from 5 W to 300 W (as
seen in Table 3.9). However, the % o f total monomer conversion increased only a little by 1-2
% from 98 % to 99.9 % when the MW power was raised from 5 W to 300 W. Overall, total
monomer conversion in all cases was found to be above 98 % despite using considerably wide
range o f MW powers. Another interesting observation was that the highest temperature
recorded in different polymerisations increased by increasing the MW power used for
polymerisation. Figure 3.14 shows the plot o f the highest recorded temperature o f different
MW polymerisations carried out with variable MW powers.
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Figure 3.14: In situ measurements o f the maximum polymerisation tem perature recorded by
IR probes fo r MW polymerisations at 60 °C for 15 minutes at variable MW powers.
Following the Norrish-Trumsdorff effect, the temperatures in the performed free radical
polymerisations were recorded to be higher than their set tem perature o f 60 °C (as explained
in Section 3.2). The highest temperatures recorded fo r different polymerisations increased
slightly from 82 °C to 94 ° when the MW power was increased from 5 W to 300 W (as seen in
Figure 3.14). A previous study stated that the highest recorded tem perature would be similar
in all polymerisations regardless o f the MW power used fo r their polymerisation (35). It was
justified w ith a hypothesis tha t the amount o f energy fed to heat a material in a M W reactor
would remain the same at any power value used. The value o f power would rather determine
the rate at which the heating would take place, lower power would heat slowly and higher
power would heat faster. This finding was supported by other studies w ith similar hypothesis
th at as the to tal amount o f energy fed to heat the material was constant at different powers,
the reaction temperatures also remained constant (10, 11, 23). On the contrary, the
observations made in the presented study indicated th a t different heating rates (achieved w ith
different MW powers) could slightly affect the polymerisation tem perature. The observable
difference in the maximum temperatures during this study could be merely a result o f broad
power range (5 W to 300 W) used fo r heating which was missing in any earlier study. For
example, one study reportedly used narrow power range o f 100 W to 200 W (23); whereas
others used high MW powers from 200 W to 500 W (10,11). The heating rates generated from
much similar MW powers would likely be similar which might not result into observable
difference in the maximum tem perature. The presented study on the other hand, investigated
MW powers of as low as 5 W to up to 300 W. As postulated, the heating rates attained w ith
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such different powers varied considerably (as seen in Table 3.9). It was reported earlier that
the faster heating (achieved w ith 150 W and 300 W) could in fact accelerate both the rate and
the am ount o f initiator breakdown (35). From these reports, the higher number o f reactive
in itia to r radii generated at higher MW powers could increase the therm okinetic energy o f the
system considerably which might result into higher tem perature (as seen in Figure 3.14).
To understand these trends further, polymerisations were also carried out at temperatures
from 40 °C to 90 °C, whilst keeping the tim e (5 minutes) and the power (5 W) constant.
Polymerisation tem peratures were recorded similarly in situ by IR tem perature probe.
Recorded tem peratures were then plotted as a function o f time, as seen in Figure 3.15.
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Figure 3.15: Polymerisation tempertaures recorded in situ by IR probes recorded fo r MW
polymerisation carried w ith 5 W fo r 15 minutes at different set temperatures; represented by
different colours (40 °C-purple, 50 °C-

ee , 60 °C-red, 75 °C-black and 90 °C- blue).

When MW polymerisations were carried at the tem peratures of up to 50 °C, neither
exothermic behaviour nor a successful polymerisation was observed. For the tem peratures of
and above 60 °C, the observed exothermic nature o f the reaction was indicative o f a successful
polymerisation (as described earlier in Figure 2.10). In other words, the polymerisation did not
take place until the initiator degraded therm ally and resulted into reaction tem perature higher
than tha t the set value in MW reactor. This also confirmed that the success o f a MW
polymerisation was solely tem perature driven and no other M W effect was observed th a t
could result into a successful polymerisation below the therm al degradation point o f the
initiator used. This was in agreement w ith the most other findings th a t MW irradiation did not
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posess any additional non-thermal wave effect such as UV irradiation (29). Not to forgot, this
observation was made when AIBN was used as the initiator in this study. For a typical therm al
free radical polymerisation, therm al degradation o f the initiator would vary depending on its
type. Hence,

MW polymerisations carried out below 60 °C would need to be investigated

furthe r fo r its possible non-thermal effect by using different types o f therm al initiators.
MW power was optimised to 5 W and some more MIPs and their corresponding NIPs were
polymerised fo r different lengths o f tim e (from 5 minutes to 60 minutes). The rest o f the
parameters, the tem perature and the MW power were kept constant at the values o f 60 °C
and 5 W respectively. The polymerisation tem perature traces were recorded from the MW
reactor. Figure 3.16 shows the polymerisation tem perature versus the tim e plot obtained from
M W polymerisations carried out fo r various lengths o f tim e.
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Figure 3.16: Polymerisation tem pertaures recorded in situ by IR probes when MW
polymerisation is carried w ith 5 W MW power at 60 °C fo r different tim e durations;
represented by different colours (5 minutes-purple, 15 minutes-red, 35 minutes-blue and 60
minutes- ree ).
As seen in Figure 3.16, when polymerisation was carried out for different lengths o f tim e, the
heating rates were found to be constant between 11 °C m inute'1 to 13 °C m inute \ This was
expected since the more prom inent variables associated w ith polymerisation kinetics such as,
the power (5 W) and tem perature (60 °C) were kept constant. The total monom er conversions
were also caculated fo r this set o f MIPs, as seen in Table 3.10.
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Table 3.10: Heating rate and monomer conversion achieved with with 5 W MW power at 60 °C
for different polymerisation times

The

Polymerisation

Heating rate

Total monomer

tim e (minutes)

(°C minute'1)

conversion [%)

5

12

98.35

15

11

98.57

35

12

99.00

60

13

99.81

UV spectrophotometric analysis o f the

polymer washes suggested that

MW

polymerisation carried out fo r as little as 5 minutes polymerised 98.35 % o f the total
monomers used in the pre-polymerisation mixture (as seen in Table 3.10). Increase of
polymerisation time up to 60 minutes showed a slight increase in the monomer conversion.
Having observed considerable monomer conversion in just 5 minutes, the polymerisation time
was optimised to 5 minutes alongside already optimised MW power o f 5 W. More MW
polymerisations were then carried out at different temperatures (60 °C, 75 °C and 90 °C). At
this time, the remainder of the parameters such as MW power and polymerisation time were
kept constant to 5 W and 5 minutes respectively.
Figure 3.17 shows the polymerisation temperature traces recorded by IR probe fo r MW
polymerisaitons carried out at different temperatures.
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As seen in Figure 3.17, the heating rates o f MW polymerisations carried out at different
temperatures were quite constant between 11 °C m in u te 1 and 13 °C m inute'1. This was
expected as the rate o f heating (MW power) applied fo r this set o f polymerisations was the
same. At the same tim e, the highest recorded temperatures increased w ith an increase in th e ir
set polymerisation tem perature values, as expected. The % monomer conversions fo r these
polymers are summarised in Table 3.11.

Table 3.11: Heating rate and monom er conversion achieved w ith different polymerisation
temperatures w ith 5 W fo r 5 minutes
Polymerisation

Heating rate

Total monomer

tem perature (°C)

(°C m in u te x)

conversion (%)

60

12

98.35

75

12

98.81

90

13

98.93

Total monomer conversions increased slightly from about 98.3 % to about 98.9 % when the
set polymerisation temperatures were 60 °C and 90 °C respectively (as seen in Table 3.11).
This tem perature dependent increase in the monom er conversion was in agreement w ith a
previous finding (15).
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The oven and UV devices used fo r polymerisations did not have temperature recording
feature. Hence, previously reported studies o f oven and UV polymerisation kinetics were
considered to compare with the MW polymerisation kinetics presented in this work. An earlier
study reported that the % monomer conversion achieved with conventional oven heating
could be three times less than that achieved with a MW polymerisation under identical
conditions o f temperatures and the length o f time (35). This might be due to the considerable
difference in the heating rates between an oven and a MW polymerisation for a similar time
period. Slower heating rates in an oven would more likely result into slower polymerisation
kinetics (35).
Another study also established that the higher monomer conversion obtained in a MW
polymerisation was subject to the dielectric property o f the porogen used (29). UV
polymerisations have been quicker compared to oven polymerisations, converting about 70 %
o f monomers within 5 minutes from the start o f the irradiation (52). It would be important to
note that the MW polymerisation carried out for similar duration (5 minutes) in the presented
study showed even higher monomer conversions o f up to 98 % (please refer to Tables 3.9, 3.10
and 3.11). This suggested that given the right porogen, a MW polymerisation could outperform
the UV polymerisation in terms of their monomer conversion efficiency. Although the UV
polymerisation have been faster than the oven polymerisation, it has suffered from producing
polymers with lower surface area than the thermal polymerisations (as disscused in Section
3.2). Hence, a MW polymerisation could offer the best of both traditional polymerisation
techniques, producing polymers at a faster rate and with larger surface area too.
An earlier study suggested that the main factors affecting total monomer conversion o f the
resulting polymer could be the change in the pre- polymerisation recipe, mainly the type o f the
initiator and the type o f porogen used. Obviously, the porogen would affect the heating rate
depending on its dipolar character in MW heating but the effect of the type o f initiator might
need further investigation. However, some studies strongly indicated that the faster heating in
a MW reactor could produce radicals faster. The faster chain reaction could thereby produce
many more of reactive radii in a MW reactor than in an oil-bath heating for the given length of
time. This might explain why kinetics of a MW polymerisation are considerable faster than
other heating methods (21,29).
The total monomer conversion achieved with variable MW powers was found to be
comparable to that o f the oven heated polymerisations. Importantly, lower MW powers used
in this study (5 W and 50 W) have been unexplored fo r carrying out MW polymerisation in any
existing study. The observations drawn from this study showed that for a particular
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polymerisation recipe, MW power as low as 5 W successfully converted over 98 % o f the total
monomers in just 5 minutes when the set polymerisation temperatures were from 60 °C to 90
°C. However the performance o f the recognition polymers could vary depending on the type of
monomer recipe, especially the type of porogen used. Another important observation made
was that the maximum temperature reached in a particular MW polymerisation was subject to
the MW power used. On carrying out in situ temperature measurements, it was found that
temperatures increased with increasing MW power in all polymerisations. The presented study
also found that increase in MW power strongly influenced the rate o f polymerisation.
All the polymers under study were analysed by several other physical techniques. Section 3.4.2
explains the results obtained from the the dynamic scanning calorimetric analysis.
3.4.2.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was used to analyse the polymer samples fo r their
cross-linking degree. DSC is a thermal analytical technique widely used for the polymer
analysis. The polymer sample is heated at a constant rate in DSC which would lead to the
depolymerisation o f the polymer. As the depolymerisation is the breaking o f the bonds, it
would be an endothermic reaction. DSC measures the amount o f heat (in calories or kJoule)
being taken up by the polymeric sample as a function o f time when the polymer is heated at a
constant rate. Upon consuming the heat, the polymer transits to the glassy morphology, more
commonly referred to as the glass transition temperature (Tg). It is indicative o f the degree of
the cross-linking o f a polymer sample, highly cross-linked polymer taking up more energy to
break more bonds in its matrix compared to the ones with comparatively lower degree o f
cross-linking. Hence, the polymer sample with the higher Tg would be the highly cross-linked
polymer and vice-versa. Figure 3.18 shows a typical DSC thermogram obtained by conducting
DSC analysis o f the polymer.
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Figure 3.18: A typical DSC thermogram o f a cross-linked polymer recorded in the study; (1)
heating phase which is endothermic in nature and used fo r the measurement o f Tg; (2) cooling
phase.
The reason fo r understanding this physical property o f cross-linking in the context o f MIPs, is
tha t the MIPs are structurally cross-linked polymers. Hence, the degree th e ir cross-linking
would be crucial in defining th eir physical properties. Lower cross-linking degree could lead to
the deform ation o f the binding cavities in different experimental conditions whereas a very
high degree o f cross-linking could hinder the mass transfer kinetics while removing and
rebinding the tem plate (5). The optim um degree o f cross-linking is also crucial in allowing the
tem plate to access all the binding sites w ithin the polymer matrix (48). As the MIPs under
study have been prepared in different polymerisation conditions, they would very likely be
different in the ir physical properties incuding th e ir cross-linking degree (2-5). The degree o f
cross-linking could also help explaining any observed pattern of th e ir differing tem plate
rebinding performance. A study suggested that the MIPs w ith a wide range o f Tg would reflect
the ir molecular weights too (27). Hence, the differences in the Tg values o f the MIPs could be
very helpful in understanding the effect o f an experimental parameter on th e ir physical
properties.
Figure 3.19 shows the Tg o f the MIPs polymerised at 60 °C fo r 15 minutes by varying MW
power from 5 W to 300 W.
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Figure 3.19: Comparison o f the Tg o f MW MIPs prepared at 60 °C fo r 15 minutes w ith different
MW powers; standard deviations derived from the triplicate measurements o f each polymer
sample.
When MW MIPs were analysed by DSC, they showed a MW power (heating rate) dependent Tg
(cross-linking degree) values. The Tg values were inversely proportional to the MW powers
(heating rates) used fo r polymerisation. The highest Tg was obtained w ith the slowest heating
rate (5 W) and the lowest Tg was obtained w ith the fastest heating rate (300 W). To
understand this behaviour, it would be im portant to discuss how the heating rate could affect
the length o f a MW led heating reaction. In a MW reactor, the set length o f a reaction would
start counting once the set tem perature was attained. For a polymerisation carried out w ith
higher MW powers (with faster heating rates) such as 300 W, the set tem perature would be
attained more quickly. This means that when tw o polymerisations were carried out w ith
different powers (heating rates) fo r similar set tim e, the one carried out w ith high M W power
(with faster heating) would be shorter in its length compared to the one carried out w ith low
power (slower heating). The hypothesis was th a t when polymerisation mixture was heated
w ith low power (at a slower rate), it could result into a slightly longer polymerisation reaction.
Longer polymerisation would allow enough tim e fo r the growing nuclei to form extensive
cross-links. Higher MW powers on the other hand could lead to comparatively shorter
reactions. Such shorter polymerisation times could stagnate the growing linear chains much
faster into polymer matrix before they could create sufficient cross-links. As a result,
polymerisations carried out w ith high powers could show lower degree o f cross-linking in
comparison to the one carried out w ith low MW power. When heated in DSC analysis, the
MIPs w ith lower cross-linking degree would need less energy to break those few er cross-links
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in th e ir matrix and would reach its glass transition state (Tg) at comparatively lower
temperatures. MW MIPs prepared w ith low MW powers (with slower heating) on the other
hand would consist o f higher cross-linking degree which might need high energy to break
numerous cross-linking bonds resulting into higher Tg values. The results obtained in these DSC
analysis were in agreement w ith this hypothesis where lower MW powers produced MIPs w ith
higher cross-linking whereas higher MW powers produced MIPs w ith lower cross-linking (as
seen in Figure 3.19). The results obtained from polymerisation kinetics were also in agreement
w ith the hypothesis th a t higher MW powers heated polymerisation mixtures at faster rates in
comparison to low MW powers th a t heated it at much slower rates (as seen in Figure 3.13 and
Table 3.9). No earlier studies have reported correlation o f the MW heating power w ith the
cross-linking degree o f the polymers as discussed in the presented study. Hence, the findings
would need to be fu rth er investigated to test the hypothesis over a w ider range o f MW powers
fo r different polymer matrices.
Another set of MW MIPs were prepared w ith 5 W power at 60 °C fo r different lengths o f tim e
from 5 minutes to 60 minutes. The results from their DSC analysis were plotted as seen in
Figure 3.20.
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Figure 3.20: Comparison o f the Tg o f MW MIPs prepared w ith 5 W at 60 °C fo r different
durations; standard deviations derived from the triplicate measurements o f each polym er
sample.
The Tgo f the MW MIPs prepared fo r 5 minutes and 15 minutes were found to be 77 °C to 79 °C
respectively; however it dropped slightly by 2 °C when the polymerisation tim e was extended
up to 60 minutes. Overall, different polymerisation temperatures did not seem to affect the Tg
90

C h a p te r 3

o f the MW MIPs as considerably as different MW powers (heating rates). Figure 3.21 shows
the Tg o f M W MIPs polymerised at different temperatures.

Polym erisation tem perature (°C)

sample.
When the MW MIPs were polymerised at different temperatures, th e ir Tg remained

quite

consistent between 77 °C to 79 °C. This meant th a t both the polymerisation tim e and
tem perature did not reflect much on the cross-linking degree of the resulting MW MIPs unlike
MW power (heating rate). To understand this further, it was im portant to see w hether a
similar behaviour was observed in the control set o f oven polymerised MIPs as well.
To do so, oven polymerisation was carried out from 1 - 3 hours. Up to this tim e, the resultant
MIPs showed a transparent gel like texture. However, when polymerisation tim e was extended
to 4 hours and beyond, a visual inspection showed MIPs w ith a solid w hite m onolithic
character. Traditionally,

oven

polymerisations are carried

out fo r

24

hours.

Hence,

polymerisation tim e range o f 4 hours to 24 hours was chosen to polymerise oven MIPs to
prepare control set o f polymers in the presented study. The resulting MIPs were analysed by
DSC in identical manner and the results were plotted as shown in Figure 3.22.

91

C h a p te r 3

u

80

-

QJ

2 75 QJ
Q .

E

CU
c 70 -

o
4-J
to
c

H3

£ 65 -

CO
m
J5
(J3

60 1
4

8
16
Polymerisation time (hours)

24

Figure 3.22: Comparison of the Tg of oven MIPs prepared at 60 °C for different tim e durations;
standard deviations derived from the triplicate measurements of each polymer sample.
The Tg o f the oven MIPs was found to increase from 73 °C to 79 °C when polymerised fo r 4
hours and 8 hours respectively. However, upon extending the tim e further from 8 hours to 16
hours, the Tg dropped slightly by 2 °C and then remained constant fo r the length o f up to 24
hours (as seen in Figure 3.22). The observed trend was much similar to th a t observed in case of
MW MIPs (as seen in Figure 3.20). To see the effect of polymerisation tem perature on the Tg
o f oven MIPs, some more polymerisations were carried out at different tem peratures using
oven. Please note th a t the polymerisation tim e in this case was kept constant to 8 hours.
Figure 3.23 presents the DSC analysis of the oven MIPs polymerised at different tem peratures.
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Figure 3.23: Comparison o f the Tg

90

o f oven MIPs prepared fo r 8 hours at different

temepratures; standard deviations derived from the triplicate measurements o f each polymer
sample.
When the oven MIPs were prepared at different temperatures, the lowest polymerisation
tem perature showed the highest Tg o f 80 °C which decreased slightly by 2 °C when the
polymerisation tem perature was increased up to 90 °C. The trend observed was much similar
to the Tg (cross-linking degrees) o f MW MIPs prepared across similar tem perature range (as
seen in Figure 3.23). In other words, the cross-linking degree of both the oven and the MW
MIPs were comparable when the polymerisations were carried out in similar tem perature
range, however the effect o f different parameters on cross-linking degree was more
pronounced in the oven MIPs than the MW MIPs. Not to forget, the MW polymerisation only
took five minutes to produce such MIPs compared to the oven which took eight hours.
To understand this further, a secondary control method o f UV polymerisation was introduced.
The MIPs were prepared in similar manner to th a t o f the oven polymerisation where
polymerisation times were chosen from 4 hours to 24 hours at tem peratures of 0 °C and 20
°C. Their DSC analysis was performed and the results o f the Tg values were plotted in bar
graphs as shown in Figure 3.24.
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Figure 3.24: Comparison o f the Tgo f UV MIPs polymerised at 20 °C fo r different tim e durations;
standard deviations derived from the triplicate measurements o f each polymer sample.
When UV MIPs were polymerised at 20 °C from 4 hours to 16 hours, the value o f Tg increased
from about 75 °C to 79 °C; however the extended polymerisation times o f up to 24 hours
sucessively decreased the Tg values back to about 75 °C (as seen in Figure 3.24). The trend
observed was comparable to those obtained by oven polymerisation where the cross-linking
degree o f the MIPs increased fo r up to similar tim e lengths but extended polymerisation times
decreased it (as seen in Figure 3.22). Importantly, the behaviour observed was consistent in all
the methods under study (MW, oven and UV). This could be explained by understanding the
effect o f tim e on the mechanism o f radii form ation

during a therm al free

radical

polymerisation. In an active polymerisation, growing radical nuclei present in the polym er mid
chain would be less reactive due to steric hinderence. These less reactive radicas would not be
easily cross-linked when the polymerisation times are shorter. In contrast, the radicals present
at the terminals of a polymer chain would grow much faster and could build cross-links at a
faster rate. However, when the polymerisation times are longer, the mid chain radicals would
get activated too and participate in form ing additional cross-links which m ight result in higher
degree o f cross-linking o f the polymer (2). This might help in understanding the reported
findings th a t increase in the cross-linking degree was observed when polymerisation tim e was
slightly lengthened (from 4 hours to 16 hours).
Another observation made in these experiments was th a t the cross-linking degree o f the
polymers either slightly decreased or remained constant when the polymerisations were
carried out fo r extended durations (24 hours). Probably, the nature of free

radical

polymerisation could help explain this phenomenon better. This hypothesis was based on a
94

C h a p te r 3

previous

finding

depolymerisation

th a t
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polymerisation

might start parallel to the

was
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fo r
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due to

durations,

highly elevated

temperatures. However, this secondary depolymerisation could only occur on few term inal
chains w hilst the mid chains would continue building cross-links. Polymer chain elongation and
cross-linking would still dominate the vicinity o f the matrix due to a higer number o f reactive
nuclei. At the same tim e, the slight depolymerisation could reduce the overall cross-linking
degree to a m inute extent (53). This explained th a t cross-linking degree o f the polymers could
decrease slightly upon lenghtening polymerisaitons fo r extended lengths o f tim e.
To understand the effect of tem perature on the cross-linking o f MIPs, tw o different UV MIPs
were prepared at 0 °C and 20 °C. The polymerisation tim e was kept constant to 8 hours to
make it comparable to the oven polymerisations. The Tg o f the resultant MIPs were recorded
by DSC and were plotted, as seen in Figure 3.25.
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Figure 3.25: Comparison o f the Tg o f

UV MIPs polymerised fo r 8 hours at different

temperatures; standard deviations derived from the triplicate measurements o f each polymer
sample.
When the UV polymerisation was carried out at 0 °C and 20 °C, the Tg values o f the resulting
MIPs decreased slightly from about 76 °C to 74 °C. This behaviour of slightly decreasing Tgw ith
increasing polymerisation tem perature was comparable to that o f oven polymerisation (see
Figure 3.25). Similar observation was also reported in another recent study where a
comparative analysis of the MW MIPs was presented w ith oven MIPs (54). Perhaps, the
relationship between polymerisation kinetics and tem perature could explain this behaviour.
Polymerisation carried out at higher temperatures in oven and UV chambers would normally
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have higher am ount o f reactive radii and higher kinetic energy o f the pre-polymerisation
mixture (55). This meant there could be a very high number o f reactive monomer nuclei at
higher tem peratures at a given tim e. As a result, numerous nuclei would generate many faster
growing oligomeric chains before they could form enough cross-links between them when
polymerisations were carried out at comparatively higher temperatures. Lower polymerisaiton
tem peratures on the other hand would show slower polymerisation kinetics which could result
into slightly higher cross-linking degree into resulting MIPs. However, inconsistent heatings
carried out in oven and UV could lead to wider differences in the Tg values o f the resulting
MIPs than th a t o f a controlled MW polymerisation. A MW reactor would heat the reaction at a
set heating rate regardless o f other experimental parameters. In the presented study, the MW
MIPs prepared at different tem peratures were heated by using the same MW power (5 W).
Consistent MW power would be more likely to heat all the polymerisation mixtures at the
same rate which might show much similar cross-linking degree in the resulting MW MIPs (as
seen in Figure 3.19). MW power was found to be the most dominant parameter to reflect into
cross-linking degree o f the MIPs.
In summary, few useful obversations were made when the MIPs prepared by different
methods under different polymerisation conditions were analysed by DSC. The MW power
used fo r polymerisation showed considerable effects on the cross-linking degree o f the MW
MIPs. Cross-linking o f the traditional oven and UV MIPs increased as the polymerisation tim e
was increased (from 4 hours to 16 hours); however extended polymerisation times (up to 24
hours) slightly reduced the cross-linking degree. MW MIPs showed similar trend in crosslinking degree when polymerised from 5 minutes to 60 minutes. The reduction in the crosslinking might be persistent fo r even longer polymerisation times which could eventually affect
the spatial distribution o f the binding cavities in the MIP matrix. Hence, the common practice
o f polymerising MIPs fo r 24 hours or even longer need to be reinvestigated as it might lead to
a compromised tem plate rcognition performance.
Polymerisation tem peratures seemed to have an inverse relation to the cross-linking degree of
the oven and UV MIPs; however the MW MIPs showed a little effect o f the tem perature on
th eir cross-linking which might be due to controlled heating o f a MW reactor than incosistent
heating o f oven and UV chambers. In general, the cross-linking o f the MIPs polymerised by
different methods (MW, oven and UV) under different experimental conditions showed
comparable cross-linking degree. It would be im portant to mention here that the cross-linking
achieved in MW MIPs in just five minutes was much similar to th a t o f oven or UV MIPs
polymerised fo r eight hours.
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The polymers were also assessed by Thermogravimetric analysis (TGA) as described earlier in
Section 3.3.6. The following method o f TGA analysis could be useful in understanding the
robustness o f the polymers.
3.4.3.

Thermogravimetric Analysis (TGA)

TGA is a thermo analytical technique which is used to study robustness o f a material. Here, the
polymer sample is heated from 20 °C to 600 °C at a constant rate. The analysis measures the
thermal and conformational transitions in a polymer sample usually for up to 200 °C. Upon
heating further, it degrades the polymer and the loss o f the polymer weight is determined as a
function o f time.
MIPs are structurally cross-linked polymers. TGA analysis could be a useful study to understand
the effect o f MIP cross-linking degree on their thermal stability or robustness.

The DSC

analysis in the presented study suggested that the MIPs showed different degrees o f crosslinking depending on the experimental parameters used for their polymerisation. When
polymers with different cross-linking degree were heated, the MIP with higher cross-linking
degree degraded straight away in comparison to the one that was less cross-linked. This might
be because when heated, a less cross-linked (flexible) polymer would more likely undergo
regio or stereo selective rotations o f their cross-linking bonds. Such bond rotations could take
away a lot o f total thermal energy applied to heat them. As a result, the actual breakdown of
the polymer would be delayed until excess o f energy was applied. Hence, this could result into
flexible (less cross-linked) polymers surviving higher temperatures or showing higher thermal
robustness. Highly cross-linked polymers on the other hand would show lower thermal
stability because the polymer would be rigid enough to not undergo bond rotations and all the
energy applied would be utilised in the breakdown o f the polymer. Correlation o f TGA
thermograms o f the MIPs with their DSC thermograms would be o f particular interest in this
study in order to to study whether polymer cross-linking degree could affect thermal rigidity o f
the MIPs.
It is vital to understand how the TGA thermograms would be interpreted in the presented
study. Figure 3.26 represeants a typical TGA thermogram o f a cross-linked polymer. It is usually
the plot o f % polymer weight loss upon heating versus the temperature (°C).
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Figure 3.26: A typical TGA thermogram o f a cross-linked polymer recorded; (1) the phase with
some polymer weight loss and (2) the phase w ith the steep polymer weight loss.
A typical TGA thermogram shows the polymer weight loss as a function o f the tem perature.
For up to the tem perature of 200 °C, polymers do not tend to show a major weight loss
however this region could be indicative o f some structural changes occuring in the polymer.
The structural changes may refer to the glass transition phase and hence this phase could be
useful as a comparison to th eir DSC thermogram profiles (indicated as phase 1 in Figure 3.26).
Most polymer samples when heated above 200 °C, show a steep weight loss however some
polymers are rigid enough not to be burnt o ff completely even at the elevated tem peratures of
as high as 600 °C. Hence, this phase could be a good measure o f the robustness o f the polymer
(indicated as phase 2 in Figure 3.26). W hilst interpreting the TGA profiles o f these polymers,
both the phase 1 and phase 2 were studied for a better understanding o f both th e ir crosslinking degree as well as th eir robustness.
To carry out analysis, the polymer weight loss from the TGA thermograms have been plotted
as a function o f the tem perature. In a typical TGA profile o f % polymer w eight versus
tem perature, the polymer weight loss patterns have been investigated in tw o tem perature
ranges, from 20 °C to 200 °C and from 200 °C to 600 °C (as explained earlier in Section 3.3.6).
The heating profiles o f up to 200 °C would be indicative o f polymer cross-linking patterns (as
tested in DSC analysis) whereas the temperatures higher than th a t could show polymer
degradation rates which would be ideal to study their therm al robustness. Figure 3.27 shows
the TGA profile o f MW MIPs polymerised at 60 °C fo r 15 minutes by varying MW powers.
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Figure 3.27: Thermogravimetric profiles (expressed as % polymer weight against heating
tem perature) o f MW MIPs polymerised w ith 5W (red) and 300W (blue) MW powers.
The MIP polymerised w ith slower heating (at 5 W) showed about slight weight loss (10 % )
when heated from 20 °C to 200 °C (seen in red in Figure 3.27), whereas the MIP polymerised
w ith faster heating (at 300 W) showed a slightly less (5 %) weight loss in the similar
tem perature range (seen in blue in Figure 3.27). According to the initial hypothesis, the MIP
showing higher w eight loss in this tem perature region should be more cross-linked. To test this
hypothesis, TGA thermogram was correlated to the DSC analysis where the MIPs were heated
at the same rate (10 °C m inute'1) and in a similar tem perature range (0 °C to 200 °C). According
to the DSC analysis, the MW MIP polymerised w ith slower heating (5 W) exhibited higher
cross-linking degree (as seen in Figure 3.19) which showed higher polymer weight loss in TGA
thermogram too (as seen in Figure 3.27). This suggested th a t more polymer w eight loss could
be an indicative o f higher cross-linking degree. The MIP polymerised w ith faster heating (300
W) showed less weight loss in TGA and also showed lower cross-linking degree in DSC analysis.
This meant th a t both the TGA and DSC thermograms were in agreement w ith each other that
the MIP produced w ith faster heating exhibited lower cross-linking degree and th e ir flexible
matrix also showed less weight loss when heated in TGA (from 20 °C to 200 °C).
Upon being heated fu rthe r from 200 °C to 600 °C in TGA analysis, both the MIPs com pletely
degraded by 400 °C (as seen in Figure 3.27) which suggested that the MIPs showed similar
therm al stability. Im portantly, the rates o f degradation of both the MIPs were distinguishable
between 300 °C to 400 °C. The MIP with higher cross-linking (polymerised w ith 5 W) degraded
slowly compared as compared to the MIP w ith lower cross-linking (polymerised w ith 300 W).
This suggested th a t different cross-linking degrees did not necessary affect the therm al
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stability o f the MIPs; however it did influence the rate o f polymer degradation. The MIP with
higher cross-linking degree degraded faster in comparison to the one w ith lower cross-linking,
as postulated in the proposed hypothesis. In general, different MW powers affected the
polymerisation rates and

cross-linking degree but showed little effect on th e ir thermal

stability or robustness.
To understand the effect o f polymerisation tim e on polymer cross-linking and robustness, TGA
analysis was carried out in a similar way. Figure 3.28 shows the TGA profile o f the MW MIPs
polymerised at 60 °C w ith 5 W MW power fo r different lengths of tim e.
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Figure 3.28: Thermogravimetric profiles (expressed as % polymers w eight against heating
tem perature) o f MW MIPs polymerised fo r 5 minutes (blue) and 60 minutes (red).
When MW MIPs polymerised fo r different lengths o f tim e were subjected to the TGA analysis,
the MIP polymerised fo r 5 minutes showed a little weight loss (8 %) in comparison to the MIP
polymerised fo r 60 minutes which showed negligible weight loss (as seen in Figure 3.28). From
the DSC analysis o f these MW MIPs, it was found th a t MW polymerisation tim es from 5
minutes to 60 minutes produced MIPs w ith similar cross-linking degree; w ith shorter
polymerisation times showing a little higher cross-linking (as seen in Figure 3.20). When the
MIPs were heated above 200 °C, TGA analysis showed th a t the MW MIP polymerised fo r 5
minutes degraded completely by 360 °C. On the other hand, the MIP polymerised fo r 60
minutes showed higher therm al stability as it showed only 60 % weight loss up to 600 °C. This
suggested th a t the longer polymerisation tim e (60 minutes) produced MIP w ith higher therm al
robustness
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polymerisation. This supported the hypothesis that the MIPs w ith higher cross-linking degree
would degrade at comparatively lower temperatures than the MIPs w ith lower cross-linking.
To test the hypothesis on the third paramater, MW MIPs were prepared by varying
polymerisation tem perature. MW polymerisation was carried out w ith 5W fo r 5 minutes at
different tem peratures from 60 °C to 90 °C. Figure 3.29 shows the TGA thermogram o f the
prepared MW MIPs.
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profiles (expressed as % polymers weight against heating

tem perature) o f M W MIPs polymerised at 60 °C (red) and at 90 °C (blue).
MW MIPs prepared at different temperatures (60 °C and 90 °C) showed much similar
therm ogravim etric profile when heated up to 200 °C (as seen in Figure 3.30). These MIPs
exhibited much similar cross-linking degree which was in agreement w ith th e ir DSC
thermograms (as seen in Figure 3.21). When heated up to 600 °C, the M W MIP polymerised at
90 °C showed higher therm al robustness compared to the MIP polymerised at 60 °C (as seen
in Figure 3.30). This suggested th a t although different polymerisation tem peratures o f MW
MIPs did not necessarily affect th eir cross-linking degree; higher polymerisation tem perature
(90 °C) produced slightly more therm ally robust MIPs. These observations suggested th a t TGA
could be a useful technique in investigating the therm al stability o f cross-linked polymers in
addition to DSC.
Some useful observations were drawn from the TGA analysis o f the M W MIPs and from its
correlation to th e ir DSC analysis performed earlier. TGA and DSC analysis showed similar
therm al profiles o f MIPs when heated at similar rates in similar tem perature range. The results
obtained were in agreement with the hypothesis th a t MIPs w ith higher cross-linking degree in
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DSC showed higher weight loss up to 200 °C due to quicker degradation o f cross-linking bonds.
On the other hand, the MIPs w ith lower cross-linking degree showed little weight change up to
200 °C which agreed w ith the proposed hypothesis th a t their flexible cross-linking bonds
caused th e ir rotation when heated rather than degrade straight away; this made these
polymers survive higher temperatures. TGA analysis also suggsted that the cross-linking degree
did not necessarily affect the robustness o f the MW MIPs. The therm al stability was rather
influenced by experimental parameters. Longer MW polymerisations carried out at higher
tem peratures produced more therm ally robust polymers and robustness o f the MW MIPs
decreased by increasing the ir heating rates (MW powers used).
To investigate this across other MIP series, the control set o f oven MIPs were also analysed to
obtain th e ir therm ogravim etric profiles. Figure 3.30 shows the TGA analysis o f oven MIPs
polymerised at 60 °C fo r different durations (4 hours and 24 hours).
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Figure 3.30: Thermogravimetric
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tem perature) o f oven MIPs polymerised fo r 4 hours (red) and at 24 hours (blue).
Oven MIPs polymerised fo r 4 hours and 24 hours both showed a little weight loss during their
TGA analysis when heated up to 200 °C (as seen in Figure 3.30). However, when heated fu rth e r
up to 600 °C, the MIP polymerised fo r 4 hours showed higher therm al stability as it degraded
slowly and 20 % o f the polymer did not degrade at all. On the other hand, the oven MIP
polymerised fo r 24 hours showed faster degradation and lost total polymer weight below 400
°C (as seen in Figure 3.30). Both the TGA and DSC analysis suggested th a t although different
polymerisation times did not show considerable differences in the cross-linking o f MIPs,
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shorter durations produced more therm ally robust polymers. On the other hand, longer
polymerisation times (widely used 24 hours) resulted into MIPs w ith lower therm al stability.
Figure 3.31 shows TGA profile o f the the oven MIPs polymerised fo r 8 hours at 60 °C and 90 °C.
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Figure 3.31: Thermogravimetric

200
400
Temperature (°C)

600

profiles (expressed as % polymers weight against heating

tem perature) o f oven MIPs polymerised at 60 °C (red) and 90 °C (blue).
When the oven MIPs were heated up to 200 °C, the MIP polymerised at 60 °C showed slightly
more weight loss compared to the MIPs polymerised at 90 °C. It could be suggested th a t the
lower polymerisation temperatures produced higher cross-linking in oven MIPs. To test the
hypothesis, DSC results were in agreement w ith the observed trend reaffirmed th a t the crosslinking degree of the MIPs decreased when th e ir polymerisation tem perature was increased
from 60 °C to 90 °C (as seen in Figure 3.23).
When heated further, the oven MIP polymerised at 60 °C, degraded completely by 430 °C. On
the other hand, the MIP polymerised at 90 °C lost only 60 % o f its total weight even at 600 °C.
Both the TGA and DSC analysis suggested that increase in polymerisation tem perature
decreased polymer cross-linking; it also increased the therm al stability. This was in agreement
w ith the proposed hypothesis tha t therm al stability could be linked to the cross-linking degree
o f the MIPs where highly crosslinked MIPs would be less therm ally stable and vice versa. It was
also observed th at the shorter oven polymerisations carried at higher tem peratures produced
MIPs w ith higher therm al stability similar to the trend observed w ith MW MIPs.
Control polymers prepared by UV irradiation were subjected to the TGA analysis too. Figure
3.32 shows the TGA analysis o f UV MIPs polymerised at 20 °C fo r 4 hours and 24 hours.
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Figure 3.32: Thermogravimetric profiles o f UV MIPs expressed as as % polymers w eight against
heating tem perature o f UV MIPs polymerised fo r 4 hours (blue) and 24 hours (red).
In the TGA analysis fo r up to 200 °C, shorter UV polymerisations (4 hours) produced MIP w ith
slightly more weight loss (10 %) compared to longer polymerisations (24 hours). The higher
rigidity observed w ith longer polymerisation times was in agreement w ith the findings
obtained from TGA analysis o f MW MIPs (as seen in Figure 3.28). Some more UV MIPs
prepared fo r 8 hours at variable polymerisation tem peratures were also studied by TGA, as
seen in Figure 3.33.
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Figure 3.33: Thermogravimetric profiles (expressed as % polymers w eight against heating
tem perature) o f UV MIPs polymerised fo r 0 °C (red) and 20 °C (blue).
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The UV MIP polymerised at different temperatures showed little or no weight loss upon being
heated up to 200 °C. When heated further, the UV MIP prepared at 20 °C showed more
robustness (as seen in Figure 3.33). This was in agreement w ith other TGA analysis o f MW
MIPs and oven MIPs where higher polymerisation temperatures seemed to improve the
therm al robustness o f the MIPs (as seen in Figure 3.29 and Figure 3.31).
There were striking similarities in themograms obtained from DSC and TGA fo r the MIPs
polymerised by different methods under study. The MIPs showing higher cross-links in DSC
showed higher weight loss fo r the temperatures o f up to 200 °C in TGA analysis. In other
words, highly cross-linked MIPs degraded at a faster rate due to restrictions on th e ir bond
rotations as postulated. On the other hand, MIPs w ith lower cross-linking degree showed little
weight loss up to 200 °C, this was in agreement w ith the proposed hypothesis th a t polymer
w ith lower cross-linking degree could undergo bond rotations rather than bond breakage.
No direct correlation was observed between the cross-linking degree and therm al stability or
robustness o f the

MIPs. However, therm al stability was strongly influenced

by the

experimental parameters such as the tem perature and the length o f polymerisation. In
general, longer polymerisations carried out at higher tem peratures seemed to produce highly
robust MIPs. This finding was supported by earlier study according to which

longer

polymerisations would be expected to produce highly rigid polymers. This might be because
during longer polymerisations, the less active and slow moving midchain radicals could get
activated too. This could combine w ith highly active propogating radicals form extensive crosslinking and could result into higher polymer rigidity (4). However, the presented study also
found th a t extended longer polymerisation tim e (24 hours in oven polymerisation) rather
decreased the therm al rigidity o f the resulting polymer. This might be explained by some
earlier studies which suggested th at when the therm al polymerisation duration was extended,
parallel depolymerisation might occur at a minute level which could break some of the cross
links in term inal polymer chains and might affect the therm al stability o f the resulting polym er
(4, 53). This was also in agreement w ith another finding that unlike therm al oven
polymerisations, longer UV polymerisations were not detrim ental to the therm al stability o f
the resulting polymers. In general, MW polymerisation produced MIPs w ith comparable
rigidity as the oven and UV MIPs. Also longer polymerisations carried out at higher
temperatures produced MIPs with improved therm al rigidity.
It was found that gravimetric analysis o f the polymers could be very im portant in
understanding the robustness o f the polymers (as explained in Section 3.3.6). The performance
o f the MIPs under study was in agreement w ith the previous studies th a t reported similar
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gravimetric thermogram of the MIP monoliths (34, 48, 52). Since most o f the prepared MIPs
were found to be stable for up to 300 °C, they showed comparable thermal stability as already
reported by MIP related studies (37).
In addition to the degree of cross-linking and robustness o f the cross-linked polymers, it would
be important to study the available surface area and the characteristics o f the pores formed
within the polymer matrix. This might be because the available surface area could eventually
affect the template rebinding and thereby the template recognition peroformance o f the
MIPs. To understand this more in detail, the polymer samples were subjected to the
porosimetry analysis to determine surface area, pore volume and the pore size. Section 3.4.4
will discuss some aspects related to porosimetry analysis o f the polymers.
3.4.4. Porosity Characteristics
Porosimetry analysis is a routinely used technique fo r characterising cross-linked porous
polymers. In this study, it would be crucial to understand how the changes in the experimental
parameters o f the polymerisation affected the surface area and other porous characters.
Surface area of the MIPs is o f great interest since it is deemed to directly affect the template
recognition performance of the polymer. In addition to the surface area, the size and volume
o f the pores could also give useful insight into the polymerisation mechanisms at the
molecular level. Such analysis could be very useful in optimising polymerisation conditions
although study o f surface area and pore volumes are often ignored in MIP related research.
Here, a preliminary study of porosity related characters o f MW MIPs polymerised in different
conditions has been carried out. Results have been correlated with those polymerised
thermally by oven. The porosimetry experiments have been carried out offsite in the Piletsky
Laboratory at the University o f Leicester (UK) as described in the methods Section 3.3.7.
Porosimetry analysis is routinely carried out to study the average surface area and other
porosity characters of a porous material where known volume of inert gas (such as, nitrogen or
argon) is adsorbed onto it. In the presented study, porosimetry has been used to study the
physical properties (such as, surface area, total pore volume and pore diameter) of the
prepared

polymer

samples.

Porosimeter

and

surface

area

analyser

Nova

lOOOe

(Quantachrome, UK) was used for this analysis.
Figure 3.34 shows the surface area o f different MW MIPs polymerised at 60 °C fo r 15 minutes
by varying MW powers (heating rates).
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Figure 3.34: Comparison of the average surface area o f MW MIPs polymerised w ith different
MW powers.
The surface area o f the MW MIPs decreased as their polymerisation rate (MW power) was
increased from 5 W to 300W. The lowest rate o f polymerisation (5 W) produced the highest
surface area of about 206 m2 g 1 which dropped subsequently by 55 units when the M W power
was increased from 5 W to 300 W (as seen in Figure 3.34).
There were tw o striking outcomes from the surface area analysis o f the M W MIPs polymerised
w ith different heating rates. First o f all, the surface area was inversely related to the heating
rate of the MW reactor. Another observation was th a t MIPs showed higher surface area than
the NIPs. To understand this better, these results were correlated to the ones obtained from
DSC analysis o f these MW MIPs. The correlation suggested th a t slower MW heating seemed to
produce MIPs w ith higher cross-linking degree and larger surface area (as seen in Figure 3.19
and Figure 3.34). Some earlier studies also reported similar observations and hypothesised
th a t when the degree o f cross-linking was higher, the porogen would not be able to intrude
enough in the growing polymer matrix which might result in lower porosity. This meant th a t
the total available area would be less occupied by the pores and more available fo r the binding
o f the target analyte (2, 4).
Looking into the second finding, the MIPs showed higher surface area (about 151 m 2 g 1 to 206
m2 g'1) in comparison to the NIPs (about 121 m2 g 1 to 191 m2 g'1). This was supported by
another study which suggested tha t an increase in the surface area o f the MIPs was indicative
o f the presence o f the tem plate rebinding cavities on the surface of the MIPs (27). Larger
surface area available in MIPs compared to NIPs assured o f presence o f surface laden cavities
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which might result into improved tem plate recognition performance o f the MIPs. There have
been no reports in literature on what could lead to this distinguishable behaviour between the
MIPs and the NIPs. However, the form ation o f stable tem plate-m onom er assemblies in the
pre-polymerisation mixture could be decisive in resulting surface laden tem plate binding
cavities in MIPs rather than in NIPs. This might be because once the tem plate-m onom er
assemblies form ed in MIPs form ation, further cross-linking could only occur between the
monomers and cross-linkers in one direction, that is something which might leave the
templates facing outward and polymer form ation inward. NIPs on the other hand would have
no presence of tem plate which might result into polymer cross-linking more randomly in all
directions between the monomers and cross-linkers. However, this hypothesis would need
more investigation to support this hypothesis in future studies.
In addition to the surface area, total pore volume and the pore radii o f these polymers were
also measured as shown in Figure 3.35.
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Figure 3.35: Comparison o f the tota l pore volume o f MW MIPs polymerised w ith different MW
powers.
The pore volumes of MW MIPs were found to vary depending on the heating rates (MW
powers) w ith which they were polymerised. Total pore volume o f the MW MIPs decreased
slightly from 0.54 cm3g 1to 0.4 cm3g 1when the M W power was increased from 5 W to 300 W.
This suggested th at slower heating rates (lower M W powers) produced MIPs w ith larger pore
volumes. No such sudy has been reported investigating such behaviour o f M W heating
parameters in the context o f morphology o f the resulting MW MIPs. But this behaviour could
be understood by studying the polymerisation kinetics.
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In a traditional heating, the polymerisation kinetics would be very slow. Hence, porogen would
get to intrude more and deeper between the growing polymeric chains before extensive cross
links could be formed. As a result, they might show higher pore volumes. In this study, MW
polymerisations carried out w ith slower heating produced MIPs w ith higher degree o f crosslinking and higher pore volumes too. From this, a hypothesis could be proposed that unlike
inconsistent oven heating, the constant pulsatile MW heating might enforce the porogen to
enter the growing nuclei repeatedly in spite o f having sufficient cross-linking. M ore porogen
intrusion facilitated by slower polymerisation rates could then result into higher pore volumes
at the same tim e having higher degree o f cross-linking. The results suggested th a t it m ight be
benificial to use slower MW heating (lower MW powers o f up to 50 W) to produce polymers
w ith larger surface area, higher porosity and higher cross-linking all at the same tim e.
These MW MIPs were also analysed fo r their average pore sizes. Figure 3.36 shows the
comparison o f the average pore radii o f MW MIPs polymerised by varying MW powers.
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Figure 3.36: Comparison o f the average pore radii o f MW MIPs polymerised w ith different MW
powers.
The average pore radii of the MW MIPs was found to be much similar (51

A - 53 A) throughout

the range o f MW power (from 5 W to 300 W) used fo r their polymerisation. In all cases, the
radii o f the pores did not vary considerably. In other way, much similar radii o f the pores also
ensured th a t all the pores created were by the removal o f the tem plate which could indicate
high selectivity of the polymer towards the tem plate during tem plate rebinding studies. Having
similar sized pores in all the MIPs w ith different surface area and different pore volumes also
suggested th at the depth and the number o f the pores could vary in order to compensate for
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the available surface and volume o f the polymer matrix. This could be highly dependent on the
rate o f heating, intrusion pattern o f porogen and the degree o f cross-linking of the polymer. To
understand this further, the porosimetry results were correlated to the DSC results o f the
same MW MIPs. The correlation suggested that these experimental parameters could indeed
greatly affect the cross-linking degree o f the polymer as well as the number, size, volume and
spatial distribution o f pores formed within its matrix.
The correlation o f DSC and porosimetry results suggested that in addition to having larger
surface area and larger pore volumes, the MW MIPs polymerised with slower heating (lower
MW power) showed higher degree o f cross-linking too (as discussed in Section 3.4.2). When
the polymers were highly cross-linked (during slow heating), pulsatile MW heating could help
porogen intrude deeper into the polymer matrix. And the gelation o f such polymers would be
also delayed due to slower rate of heating. At the same time, higher cross-linking degree in this
polymer would most likely result into fewer deeper porogen intrusion in compensating for the
limited space due to higher degree o f cross-linking and longer available intrusion times. As a
result o f this, a smaller number o f deeper pores could be formed to gain larger pore volume at
the same time having larger surface area and higher cross-linking degree. In this way, slower
heating with its delayed gelation could end up intruding porogen deeper and might result into
smaller number o f deeper pores with similar radii within polymer matrix.
On the other hand, faster heating rates produced polymers with lower cross-linking degree (as
discussed in Section 3.4.2). This suggested that the porogen had greater area to intrude into
the polymer matrix. However, their pore radii were much similar in size. So, faster heating with
its quicker gelation could end up intruding porogen to a lesser depth which might result into
higher number o f shallow pores o f the same radii within the polymer matrix. However, this
hypothesis would need to be studied in detail with different polymer sets. It has been noted
that it has opened up entire new domain to study controlled heating o f MW reactors and its
predictable effect on the physical properties o f the resulting polymers. It might be very useful
in optimising polymerisation method with predictable physical properties which has been very
challenging with the traditional polymerisation methods.
Along with controlled MW heating rates, it was the time to assess the effect o f the length of
MW polymerisation on the surface area o f resulting MIPs. MIPs prepared with 5 W at 60 °C fo r
different polymerisation time durations were analysed for their surface area, as presented in
Figure 3.37.
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Figure 3.37: Comparison o f the average suraface area o f the MW MIPs polymerised for
different times.
When the MW MIPs were polymerised fo r different times, their surface area remained
consistent between 190 m2 g'1 to 200 m2 g 1 (as seen in Figure 3.37). One observation was
drawn from these results was th a t once the polymer matrix was form ed, any extended
polymerisation tim e showed little effect on its surface area. By correlating these observations
to the DSC analysis, it was found th a t the degree o f cross-linking o f these MIPs hardly changed
throught this lenth o f tim e (as described in Section 3.4.2). From these tw o findings, it could be
derived th a t once enough degree o f cross-linking was formed, binding cavities remained intact
w ithin the polymer matrix. Hence the surface area remained quite consistent too. It would be
im portant to note here tha t th e ir heating rate was kept the same so its effect on the pore
volume, size and spatial distribution o f the pores would less likely to change. However, this
would need to be supported by experimental evidence in future studies. A slight decrese in the
surface area was observed fo r the longest polymerisation tim e (60 minutes). This could arise
from the slight depolymerisation effect and slightly lowered degree o f cross-linking (as
discussed earlier in Sections ection 3.4.2) (5).
The polymerisation tim e was optmised to 5 minutes and more M W MIPs were polymerised
w ith 5 W at different temperatures. The results obtained were plotted in Figure 3.38.
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Figure 3.38: Comparison of the surface area o f the MW MIPs polymerised at different
temperatures.
The MW MIPs polymerised from 60 °C to 75 °C showed much similar surface area of about 200
m2 g'1; however the surface area increased considerably to 340 m2 g'1 when the polymerisation
tem perature was raised to 90 °C (as seen in Figure 3.38). To understand this further, the
obtained results were correlated w ith that o f DSC analysis. It was found th a t different
polymerisation temperatures did not result into any considerable change in the cross-linking
degree o f the MW MIPs (as seen in Figure 3.23). So the increase in surface area at 90 °C
polymerisation could most likely arise from its improved kinetics. From this, it could be
hypothesised th a t elevated tem peratures (90 °C) would generate more free radicals from the
in itiato r breakdown; however the length and the rate o f polymerisation would be controlled in
a MW reactor as the power and the tim e were set to a fixed value. This meant th a t at a given
tim e, the polymerisation being carried out at higher tem perature would have denser
populations o f the radicals and would more likely form a compact polymer matrix which might
help in improving surface areas. Given that no other studies have been reported earlier on this
behaviour of MW polymerisation, it would be interesting to study the pore volume and pore
radii o f MW MIPs prepared at different tem peratures and fo r different times. It would be
helpful in understanding the effect o f tem perature on pore form ation mechanisms o f a free
radical polymerisation.
The control set o f therm al oven MIPs polymerised by varying tem perature and tim e were also
analysed fo r their surface area as summarised in Table 3.12.
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Table 3.12: Summary o f the comparison o f the surface area o f the MIPs polymerised thermally
by oven at different temperatures and for different lengths o f time
Mode of

Polymerisation

Polymeriastion

Surface area

polymerisation

time (hours)

temperature (°C)

(mV)

Oven

24

60

227.62

Oven

8

60

255.73

Oven

8

90

387.74

Surface area o f the oven MIPs decreased from 255.73 m 2 g'1 to 227.62 m 2 g 1 as the
polymerisation time was increased from 8 hours to 24 hours, whereas increase in the
polymerisation temperature from 60 °C to 90 °C increased the surface area o f the oven MIPs
from 255.73 m 2g'1to 387.74 m2g'1 (as seen in Table 3.12).
Interestingly, the trend observed in the surface area o f the oven MIPs was not similar to that
o f MW MIPs. In MW polymerisations, an increase in the length o f the polymerisation did not
affect the surface area o f the MIPs (see Figure 3.37 and Table 3.12). This suggested that
comparatively shorter polymerisation time of up to 60 minutes in a MW reactor did not show
any detrimental effect on the surface area of the MIPs, whereas extended polymerisation time
o f up to 24 hours in an oven reduced the surface area of the MIPs considerably. This reduced
surface area could be detrimental to the template binding performance o f the MIPs. Hence,
the polymerisation time should be carefully optimised whilst preparing MIPs by traditional
methods using oven or oil-bath.
Looking into the effect o f polymerisation temperature on the surface area of oven MIPs, it was
found that the increase in temperature increased the surface area of the MIPs. This trend was
similar to that o f MW MIPs in the similar polymerisation temperature range (from 60 °C to 90
°C). This increase in surface area at elevated temperatures could arise from improved
thermokinetics at elevated polymerisation temperatures, as observed in case o f MW MIPs.
This however would need further investigation. It was interesting to note that when thermal
polymerisations were carried out at similar temperatures, 5 minutes MW polymerisation
could produce MIPs with much comparable surface areas to that o f oven MIPs which
polymerised fo r 8 hours (see Table 3.12 and Figure 3.37).
The effect o f a wider range of temperatures on the surface area o f the MW MIPs would be an
interesting study to understand whether MW heating continued to generate MIPs with much
similar surface area to that o f oven heated polymerisations. This could be o f a particular
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interest in investigating w hether therm olabile templates could be im printed at comparatively
lower tem peratures using a MW reactor w ith comparable surface areas to th a t oven or oilbath heating. Currently, therm olabile tem plates and monomers are polymerised faster by UV
polymerisation but at the same tim e it fails to produce the MIPs w ith the surface area as high
as therm al polymerisations (2). Since MW reactors could generate higher surface areas in MIPs
w ith faster polymerisation, it would be w orth investigating it further fo r polymerising materials
also at lower temperatures.
Polymer samples were also studied by scanning electron microscopy (SEM) to analyse their
morphological characteristics. Section 3.4.5 discusses the results obtained by SEM analysis of
the MIPs.

3.4.5. Scanning electron microscopy
MIP monoliths polymerised by different methods were viewed under SEM. Figure 3.39 is a
representative electron micrograph o f the MIP monoliths.
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Figure 3.39: A representative scanning electron micrograph o f the MIPs m onoliths (250 x
magnifications).
MIP monoliths polymerised in different experimental conditions were found to be irregular in
shape, rough in texture and in the particle size range o f 45 pm to 63 pm (as seen in Figure
3.40). The desired particle size was achieved as the m onolith particles were passed through
the sieves of appropriate aperture size once triturated in a m ortar and pestle. Figure 3.40
shows the morphology o f MIPs at higher magnification.
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Figure 3.40: A representative scanning electron micrograph o f the MIPs monoliths (2000 X
magnification).
Figure 3.40 is a magnified image o f the MIP monoliths which confirmed its rough texture and
irregular shape. The rough texture observed was indicative o f the porous character o f the
polymers, as expected. The size o f the pores and th e ir distribution were found to be consistent
throughout the particle surface when viewed at this magnification under SEM. In general, the
morphology characteristics o f the polymers prepared by oven, MW or UV were consistent in
SEM analysis.
This brings to the end o f physical analysis o f the polymers which includes the study o f degree
o f cross-linking, robustness, surface area and morphological characteristics o f the obtained
MIPs. The next phase o f analysis would involve studying tem plate recognition performance o f
these polymers. To carry out the analysis, the polymers were used as MIP-SPE stationary
phases and the tem plates were introduced to them followed by the quantification o f the
unbound tem plate (caffeine) by HPLC (as explained earlier in Section 3.3.9). Section 3.4.6
presents the results obtained from the tem plate rebinding analysis.

3.4.6.

Template Rebinding Studies

Having analysed the polymers fo r th eir physical properties, it was im portant to test w hether
the differences observed in th e ir physical characteristics translated into to th e ir tem plate
recognition performance. To do so, different caffeine rebinding solutions (0.1 mM to 2 mM)
were introduced to the MIP-SPE. The amount o f caffeine bound to the MIP was then
calculated from HPLC results and plotted against the to ta l amount of caffeine introduced to
the polymers in SPE.
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Solid phase extraction (SPE) works on the principle o f solid-liquid extraction where the
adsorbent (stationary phase) is packed in polypropylene cartridges between frits and the
sample matrix (mobile phase) is passed through the cartridge w ith the aid o f vacuum or
positive pressure. It is a well-established analytical technique fo r the pre-treatm ent o f the
complex mixture o f various samples due to its ease o f operation, flexibility and simplicity.
When MIPs are packed into the SPE cartridges as stationary phases, it is also referred to as
MIP-SPE. Figure 3.41 shows the schematic describing the steps involved in a typical SPE
analysis and explains the method used fo r the SPE based analysis in the presented study.

]
I

Molecular
imprints

(a)

•

(b)

Target analyte
Interfering compounds

Figure 3.41: Schematic of the operational steps involved in an SPE analysis; (a) conditioning of
stationary phase packed into the cartridge, (c) percolation o f the template(s) sample through
conditioned stationary phase, (c) washing step fo r the removal o f interfering analytes and (d)
elution o f the target template.

Conditioning: This step is performed by passing a solvent through the cartridge to condition
the stationary phase (MIP in this study) packed into them.

Template rebinding / percolation: In a normal phase MIP-SPE protocol, a known am ount of
the tem plate is introduced to the cartridge once it is conditioned. The tem plate samples are
prepared in the same solvent as th a t used fo r conditioning. This maximises specific molecular
interactions w itho ut interfering in the template-M IP binding. The tem plate (due to specific
recognition by the MIP) is usually retained whereas other substances (if a m ixture of
compounds is used) are washed through.

Washing / removal of interfering components from the MIP: This step is aimed at removing
any interfering compounds other than the tem plate when a mixture o f compounds is
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introduced to the MIP-SPE. This step was om itted from the SPE protocol used in the study
since the rebinding solution only contained caffeine (template) and not a mixture of
compounds.

Elution: It is achieved by passing polar organic solvents through the MIP-SPE th a t would
interfere w ith the non-covalent bonds between the tem plate and the MIP. The tem plate
released from the MIP-SPE is then collected and is subjected to fu rther quantification by
chromatographic techniques (mainly, liquid chromatography) (51). In the presented study,
caffeine was the only component in the rebinding solution. Therefore, this step was om itted
from the protocol. The known amount o f caffeine was passed through the MIP-SPE cartridge
and the unbound caffeine (collected at the bottom ) was subjected to HPLC analysis fo r further
quantification. The amount of caffeine bound selectively to the MIP was calculated by
subtracting the am ount o f tem plate th a t did not bind to the MIP (or quantified by HPLC) from
the total am ount o f the tem plate th a t was initially introduced to the MIP-SPE.
The first set o f MW polymers were prepared at 60 °C fo r 15 minutes w ith different heating
rates by means o f varying MW powers. The tem plate rebinding performances were measured
and analysed as plotted in Figure 3.42.
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Figure 3.42: Comparison o f caffeine rebinding performance o f the MW MIPs polymerised w ith
different MW powers; represented by different colours (5 W-black, 50 W-

, 150 W-red

and 300 W-blue). standard deviations were derived from the triplicate measurements o f each
sample.
Caffeine rebinding performance o f the MW MIPs was found to be dependent on the M W
power used fo r its preparation. The slower heating (lower MW powers from 5 W to 150 W)
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produced MIPs w ith improved caffeine binding than th a t of faster heating (higher MW power,
300 W) (as seen in Figure 3.42). Similar caffeine binding measurements were carried out on
the parallel set o f the NIPs and the im printing factors (IF) were derived as a ratio o f (BoundM,P/
BoundN,P) as explained earlier in Section 3.3.10. It would be im portant to note, higher values of
IF would be regarded as an indicative o f the non-selective tem plate binding of the NIPs than
improved im printing efficiency o f the MIPs (27). IF versus concentration o f the caffeine
solutions were then plotted as shown in Figure 3.43.
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Figure 3.43: Im printing factors o f the MW polymers polymerised w ith different M W powers;
represented by different colours (5 W-black, 50 W-

, 150 W-red and 300 W-blue).

Polymerisations carried out w ith slower heating (with 5 W to 150 W) produced MIPs w ith
higher IF value of about 1.5, whereas the faster heating rates produced polymers w ith slightly
lower IF values about 1 (as seen in Figure 3.43). In other words, im printing effect decreased
when the polymerisations were carried out w ith faster heating rates. In general, the highest IF
value observed was lower than that reported earlier fo r similar MW MIPs (27). It was also
found th a t the IF values were quite consistent fo r all the polymers throughout the
concentration range o f caffeine explored (0.1 mM to 2 mM). This indicated the presence of
equivalent o f both the selective and non-selective binding sites present w ithin the MIPs.
Rebinding o f furthe r lower tem plate concentrations could be useful in preparing Scatchard
plot fo r better understanding o f the selectivity o f the binding sites; however the use of
caffeine concentrations below 0.05 mM in the presented study seemed to be a bit low fo r the
detection lim it o f the HPLC instrum entation used.
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It has been established that the MIPs with larger surface area would give the highest
recognition performance due to surface laden binding cavities (4, 27, 43). In agreement with
such findings, the MW MIPs prepared with slower heating produced larger surface area which
also showed the highest template recognition performance. On the other hand, MW
polymerisation with faster heating (300 W) lowered template binding efficiency o f the MIPs
which also showed lower surface area (as seen in Figure 3.35). In addition, the DSC analysis
suggested that the MIPs polymerised with faster MW heating (300 W) showed considerably
lower cross-linking degree which might be detrimental to the integrity o f the template binding
cavities created within its matrix and which might be the reason fo r their compromised
template binding performance (as seen earlier in Figure 3.19).
MW MIPs polymerised with slower heating showed higher IF which suggested that these MIPs
consisted o f more template selective binding sites than that o f the NIPs. DSC Results o f these
MW MIPs showed higher degree o f cross-linking and higher surface area too. This reaffirmed
the proposed hypothesis that not only a greater surface surface area but also sufficient degree
of cross-links would be crucial in holding the binding cavities intact and thereby show
improved template recognition performance. Moreover, formation o f stable monomertemplate assembly in pre-polymerisation mixture would be crucial in defining template
selective binding cavities within the polymer matrix and might reflect into improved
recognition performance o f the polymers. In fact, the MW MIPs that showed higher crosslinking degree were prepared with slower MW heating (as seen in Figure 3.19). In this regard,
lower MW powers (slower heating)

might be useful in forming more stable template-

monomer assemblies which would be crucial in forming template selective binding cavities.
The obtained results were in agreement with the proposed hypothesis that not only the
available surface area but the cross-linking degree, total porosity and even heating kinetics o f
the MIP preparation could play an important role in determining their template binding
performance.
MW polymers polymerised at 60 °C with 5 W by varying the length of polymerisation were also
analysed for their template binding performances as presented in Figure 3.44.
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Figure 3.44: Comparison o f caffeine rebinding performance o f the MW MIPs polymerised fo r
different tim e durations; represented by different colours (5 minutes-black, 15 minutes35 minutes-red and 60 minutes-blue). Standard deviations were derived from the triplicate
measurements o f each sample.
M W MIPs polymerised for different lengths o f tim e (5 minutes to 60 minutes) showed no
significant recognition efficiency o f the MIPs increased consistently w ith an increase in caffeine
concentration from 0.1 mM to 2 mM. Similar tem plate binding analysis was performed on the
corrosponding set o f NIPs and derived IF values were plotted as shown in Figure 3.45.
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Figure 3.45: Im printing factors o f the MW polymers polymerised fo r different tim e durations;
represented by different colours (5 minutes-black, 15 minutesminutes-blue).
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IF values o f the MW polymers prepared fo r the shortest tim e (5 minutes) were higher than
th a t prepared fo r longer tim es (15 minutes, 35 minutes and 60 minutes). This suggested that
the MIPs prepared fo r longer times (from 15 minutes to 60 minutes) exhibited higher amount
o f non-selective rebinding than th a t o f the one polymerised just fo r 5 minutes. Another
observation could be drawn from this th a t the imprinting was achieved better w ith just 5
minutes than any longer polymerisations. However, the recognition performance o f the MIPs
polymerised fo r 5 minutes declined consistently as the tem plate concentration was increased
from 0.5 mM to 2 mM (as seen in Figure 3.45). This suggested th a t the im printing cavities
generated by shorter polymerisations were more selective towards the tem plate. However,
they might be few er in number compared to non-selective cavities which were saturated when
higher caffeine concentrations were introduced. On the other hand, the longer polymerisation
times (from 15 minutes to 60 minutes) showed consistent IF values between 1.2 to 1.4
throughout the caffeine concentration studied (0.5 mM to 2 mM) which suggested th a t the
non-selective cavities were present in higher numbers in these MIPs which showed nonselective rebinding regardless o f the concentration caffeine introduced.
Then, the next set o f MW polymers were polymerised at different tem peratures and the
resulting MIPs were analysed fo r th e ir tem plate recognition performance. The results obtained
were plotted in Figures 3.46 and 3.47.

90 Degrees
75 Degrees
0.8

60 Degrees

E
*D

|

0.6

o

X>

(L)

.E 0.4
a>

<T3

u

0.2

0

0.5

1

1.5

2

Caffeine added (mM)
Figure 3.46: Comparison o f caffeine rebinding performance o f the MW MIPs polymerised at
d ifferent temperatures; represented by different colours (60 °C- ree , 75 °C-red and 90 °Cblue). Standard deviations were derived from the triplicate measurements o f each sample.
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MW MIPs polymerised at different temperatures showed no considerable difference in their
caffeine recognition performance (as seen in Figure 3.46). However, the magnitude o f caffeine
recognition was directly proportional to its concentration in the range o f 0.5 mM to 2 mM. This
suggested that different polymerisation temperatures did not necessarily affect the template
binding performance o f the MIPs. To understand this further, the obtained results were
correlated to their physical analysis performed earlier. The correlation suggested that the MIP
polymerised at 90 °C exhibited considerably larger surface area however it did not reflect into
its improved template recognition performance. This behaviour was slightly different than
other MW MIPs where larger surface area largely reflected into improved template
recognition performance. This indicated that although higher temperatures could yield larger
surface area in the resulting MIP, it might sometimes lead to destabilisation of non-covalently
bound template-monomer assemblies due to

elevated

kinetic energy o f the

pre

polymerisation mixture. This suggested that although larger surface area were achieved at
elevated polymerisation temperatures, lack o f template selective binding cavities might be the
reason for not necessarily improving the template recognition performance o f the resulting
MW MIPs.
When the results obtained from DSC analysis were correlated with the template recognition
performance o f the MW MIPs, it was found that the cross-linking degree o f MW MIPs did not
vary significantly when they were polymerised at different temperatures (as seen in Figure
3.21). This suggested that unlike the surface area, sufficient cross-linking degree always
showed consistent template recognition performance. The IF values o f these MW polymers
were derived for better understanding o f the characteristics o f the formed binding cavities.
Figure 3.47 shows the IF o f MW polymers polymerised at different temperatures.
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Figure 3.47: Im printing factors o f the MW polymers polymerised at different tem peratures
represented by different colours (60 °C-

, 75 °C-red and 90 °C-blue).

MW MIPs polymerised at different tem peratures showed IF values in a narrow range from 1.4
to 1.5. The IF value improved slightly when the polymerisation tem perature was increased
from 60 °C to 75 °C; however it declined back to its original value o f 1.4 when the
polymerisation tem perature was increased fu rth e r up to 90 °C (as seen in Figure 3.47). When
the obtained results were correlated w ith the previously obtained results from DSC and
porosimetry analysis, it was found th a t increase in polymerisaiton tem peratures beyond 75 °C
did not improve cross-linking degree inspite o f generating considerably larger surface area (as
seen in Figures 3.21 and 3.38). This was in agreement w ith the proposed hypothesis th a t highly
elevated polymerisation temperatures could be detrim ental in generating newer tem plate
selective cavities. This indicated th a t polymerisation temperatures of above 75 °C m ight not be
suitable fo r generating MW MIPs w ith improved tem plate recognition performance inspite o f
exhibiting considerably larger surface area.
Comparing the recognition performances o f different MW MIPs, it was found th a t elevated
tem peratures and prolonged times o f MW polymerisations either maintained or compromised
tem plate recognition performance. MW MIPs polymerised w ith the lowest power (5 W) fo r the
shortest tim e (5 minutes) at 60 °C exhibited not only sufficient cross-linking and larger surface
area but also exhibited higher tem plate recognition performance.
Template rebinding performance o f the control set of oven polymers was carried out in
identical manner, as plotted in Figure 3.48.
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of each sample.
Figure 3.48 showed th at the tem plate recognition performance o f the oven MIPs improved
when th e ir polymerisation tim e was increased from 4 hours to 16 hours; however the
performance dropped slightly when the polymerisations were carried out fo r extended periods
up

to

24

hours.

The

tem plate

recognition

performance

obtained

w ith

extended

polymerisations (24 hours) was even lower than th a t achieved w ith just 4 hours long
polymerisations. When this observation was correlated w ith the findings obtained from DSC
and porosimetry analysis, it was found th a t prolonged oven polymerisation times did slightly
decrease the cross-linking degree of oven MIPs as well as adversely affected th e ir surface area
which would be likely to degrade their tem plate recognition performance (as seen in Figure
3.21 and Table 3.12). The IF values o f these MIPs were also derived as plotted in Figure 3.49.
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Figure 3.49: Im printing factors of the oven polymers polymerised fo r different tim e durations
represented by different colours (4 hours-black, 8 hours-gree , 16 hours-red and 24 hoursblue).
When oven polymerisations were carried out from 4 hours to 24 hours, IF values o f the
resulting polymers were found to be in a broader range of 1.4 to 2. The shortest
polymerisation tim e of 4 hours generated the highest IF which dropped when the
polymerisation tim es were extended up to 16 hour. When the polymerisations were extended
even fu rth e r up to 24 hours, the obtained IF value was similar to w hat was seen w ith the 4
hour polymerisation. It was also observed th a t too short (4 hours) and too long (24 hours)
oven polymerisations showed higher im printing effect which dropped much faster as the
tem plate concentrations were increased from 0.5 mM to 2 mM. On the o th e r hand,
interm ediate polymerisation lengths o f 8 hours to 16 hours showed more consistent IF values
through the similar concentration o f the tem plate. These trends suggested th a t the shorter
polymerisations might produce tem plate selective binding cavities however they m ight be
few er in number and could saturate when higher concentrations o f the tem plate were
introduced. Longer polymerisations of up to 16 hours produced polymers w ith equal am ount
o f the selective and non-selective tem plate rebinding cavities. Surprisingly, even longer
polymerisations showed similar im printing effect as a 4 hour polymerisation which suggested
th a t the inconsistent heating and uncontrolled polymerisation kinetics in oven m ight have led
to parallel depolymerisation as postulated. This was also reaffirmed by the reduction in the
cross-linking degree and the reduction in the surface area o f these polymers when the
polymerisations were carried out fo r 24 hours (as seen in Figure 3.22 and Table 3.12). In
general, the im printing effect achieved from oven polymerisation was inconsistent as no clear
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trends were observed throughout the length o f the polymerisation studied. It would be
im portant to note here th a t the im printing effects achieved w ith the M W MIPs in just 5
minutes were comparable to th a t o f oven MIPs for over 24 hours.
Oven polymerisation was carried out at different tem peratures too and rebinding performance
o f the resultant polymers were plotted as shown in Figure 3.50.
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Figure 3.50: Comparison o f caffeine rebinding performance o f the oven MIPs polymerised at
different temperatures represented by different colours (60 °C-red, 75 °C-blue and 90 °C). Standard deviations derived from the triplicate measurements o f each sample.
The caffeine rebinding performance o f the oven MIPs was inversely related to their
polymerisation tem perature in the range o f 60 °C to 90 °C. This implied th a t the polymerisation
tem perature o f 60 °C produced the oven MIPs w ith the highest tem plate recognition
performance which decreased when the tem perature was raised to 90 °C (as seen in Figure
3.50). It was noticable that the reduction in the tem plate recognition at higher polymerisation
tem peratures was more pronounced in an oven led polymerisation than a M W polymerisation
which might be due to inconsistent heating o f oven. Similar to the MW MIPs, the surface area
o f the oven MIPs increased considerably when the polymerisation tem peratures were
increased from 60 °C to 90 °C. However, improved surface area did not reflect into improved
tem plate recognition performance o f these MIPs.
To understand this further, the obtained results were correlated w ith th a t obtained from DSC
analysis which suggested that the increase in the oven polymerisation tem perature decreased
the cross-linking degree of the MIPs. This reaffirmed the proposed hypothesis th a t surface
area might not necessarily reflect into the tem plate binding perofrmance o f the MIPs. An
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optim al cross-linking degree also could be crucial in maintaining selective binding sites intact
fo r improved tem plate recognition. It also suggested th a t the reduced cross-linking degree o f
the oven MIPs m ight have led to reduction in th e ir tem plate binding performance although
th e ir surface area were highly enlarged (as seen in Figure 3.23 and Table 3.12). This behaviour
was very similar to th a t observed in case o f MW MIPs too.
The IF values o f these polymers were also calculated and plotted as seen in Figure 3.51.
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Figure 3.51: Im printing factors o f the oven polymers polymerised at different tem peratures
represented by different different colours (60 °C-

, 75 °C-red and 90 °C-blue).

The oven MIPs polymerised at different temperatures showed their IF values in a narrow range
from 1.4 to 1.5, much similar to that o f MW MIPs (as seen in Figures 3.47). The IF value
improved slightly when the polymerisation tem perature was increased from 60 °C to 75 °C;
however when the tem perature was increased further to 90 °C, the im printing effect declined
back to its original values (as seen in Figure 3.51). This reaffirmed the proposed hypothesis
th a t im printed cavities might have increased in the oven MIPs w ith slight increase in
polymerisation tem perature but further increase in temperatures could show presence of
few er

im printed

cavities.

This might

be

because

elevated

thermokinetics

at

higher

polymerisation temperatures could lead to destabilisation o f the non-covalently bound
tem plate-m onom er assemblies, crucial in form ing tem plate selective binding cavities. This
suggested that polymerisation temperatures o f above 75 °C could be detrim ental in obtaining
tem plate selective recognition performance o f the oven MIPs inspite o f showing larger surface
area.
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Another set o f control polymers prepared by UV irradiation were subjected to tem plate
binding analysis in similar way. Figure 3.52 shows the tem plate rebinding performance o f the
UV polymers prepared fo r different lengths o f time.
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Figure 3.52: Comparison o f caffeine rebinding performance of the UV MIPs polymerised for
different durations represented by different colours (4 hours-?ree , 8 hours-red, 16 hoursblack and 24 hours-blue). Standard deviations derived from the triplicate measurements of
each sample.
The UV MIPs polymerised fo r different times (from 4 hours to 16 hours) showed much similar
tem plate recognition performance; however extended polymerisation times up to 24 hours
reduced the tem plate recognition efficiency slightly (as seen in Figure 3.52). The trend
observed in the recognition performance o f the UV MIPs was similar to th a t exhibited by MW
MIPs (as seen in Figure 3.45) and oven MIPs (as seen in Figure 3.48). These sets o f MIPs
showed much similar surface area but th e ir cross-linking degree decreased slightly by
increasing the length o f polymerisation. This suggested that the slight reduction in cross-linking
degree observed w ith longer polymerisations (of up to 24 hours) might be crucial in assuring
the integrity of the binding cavities form ed. This again reaffirmed the proposed hypothesis
th a t the surface area o f the MIPs could not entirely depict th e ir tem plate recognition
performance, sufficient degree of cross-linking might be crucial in holding the tem plate binding
sites intact for improved tem plate recognition. The IF o f these UV MIPs were derived and were
plotted as seen in Figure 3.53.
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Figure 3.53: Im printing factors o f the UV polymers polymerised fo r different tim e durations
represented by different colours (4 hours-black, 8 hours-

ee , 16 hours-red and 24 hours-

blue).
IF values of the UV MIPs were found to be between 1.5 to 2.1. No particular trend in IF values
was observed here when the polymerisations were carried out fo r different lengths of tim e. It
could be said th a t between the control sets o f oven and UV polymers, UV polymerisation
produced polymers w ith more consistent im printing since its im printing efficiencies were
higher than that o f MW and oven polymerisations (as seen in Figures 3.45 and 3.48
respectively). This suggested that the binding cavities produced in UV polymers were more
selective towards the tem plate. Although UV polymers had been widely reported to produce
smaller surface areas as compared to thermal polymers, it did not seem to deteriorate their
tem plate recognition performance in the presented study. It was not possible to measure the
surface area o f UV MIPs to test the hypothesis further during the course o f the study; however
it would be interesting to study whether the surface area o f the UV polymers correlated to
their tem plate recognition performance. UV polymers were also polymerised at different
temperatures and th e ir tem plate binding efficiencies were analysed as seen in Figure 3.54.
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Figure 3.54: Comparison o f caffeine rebinding performance o f the UV MIPs polymerised at
different temperatures represented by different colours (0 °C-blue and 20 °C-red). Standard
deviations derived from the triplicate measurements o f each sample.
Polymerisation tem perature did not seem to affect tem plate recognition performance o f the
UV MIPs. The amount o f caffeine bound to the prepared UV MIPs was quite similar to that of
the oven MIPs prepared at 60 °C but slightly higher than that o f the MW MIPs (as seen in
Figures 3.47 and 3.50). Unlike the therm ally produced MIPs in oven and MW reactors, UV
polymers did not show any reduction in th e ir tem plate recognition performance when the
polymerisations were carried out at 0 °C and 20 °C. The temperatures o f UV polymerisation
were quite low as such than that used fo r therm al polymerisations (60 °C to 90 °C). This
suggested th at therm okinetics o f a polymerisation system could influence other crucial
parameters such as the integrity o f the tem plate-m onom er assembly and the overall crosslinking degree o f the polymer which could reflect directly onto th e ir tem plate recognition
performance. IF values were also calculated fo r the
tem peratures which are plotted in Figure 3.55.
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Figure 3.55: Im printing factors o f the UV polymers polymerised fo r different tim e durations
represented by different colours (0 °C-blue and 20 °C-red).
Although showing similar tem plate rebinding performances, the UV polymers showed
considerable differences in th e ir im printing efficiency fo r the polymerisations carried out at 0
°C and 20 °C. The UV polymers polymerised at 0 °C showed less non-selective binding than the
one polymerised at 20 °C (as seen in the Figure 3.55). The im printing efficiency o f the UV MIP
(0 °C) however decreased steeply as the concentration o f caffiene was increased from 0.5 mM
to 2 mM. This suggested that although freezing polymerisation tem peratures created tem plate
selctive binding cavities in the UV MIPs, they might be few er in number as they saturated at
lower tem plate concentrations. In comparison to MW and oven polymerisations, UV polymers
prepared in all conditions showed improved im printing efficiency. However, th e ir tem plate
recognition performance was much similar to other methods although they are thought to
have smaller surface areas. This reaffirmed the proposed hypothesis th a t the degree o f crosslinking and the polymerisation kinetics could be crucial in determining selective tem plate
recognition performance o f the polymers than just their surface area.
A summary of the results have also been tabulated as seen in Tables 3.13, 3.14 and 3.15.

131

Chapter 3

Table 3.13: Summary of the relationship between various experimental parameters and the
physicochemical properties o f the MW polymers
Available

Template

Presence o f

Experimental

Cross-linking and

surface area

recognition

tem plate

parameter

thermal stability

fo r tem plate

performance

selective

rebinding

Heating rate

Inverse

binding sites

Inverse

Inverse

Inverse

Inverse

No clear

Inverse

(obtained by
MW powers 5
W to 300 W)
Cross-linking
Polymerisation

Inversely affected;

time

rigidity directly

(5-60 minutes)

affected

relationship

No effect on the
Polymerisation
temperature
(60 °C-90 °C)

cross-linking;

Direct

rigidity directly
affected
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Table 3.14: Summary of the relationship between various experimental parameters and the
physicochemical properties of the oven polymers
Available

Template

Presence o f

Experimental

Cross-linking and

surface area

rebinding

template

parameter

thermal stability

fo r template

performance

selective

rebinding
Cross-linking

binding sites
No distinct

Polymerisation

Inversely

time

affected; thermal

Inversely

(4 -24 hours)

stability directly

affected

affected

With extended

Inverse

relationship;
Not affected

times
Cross-linking
Polymerisation

Inversely

temperature

affected; thermal

(60 °C-90 °C)

stability directly

Direct

affected
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Table 3.15: Summary of relationship between various experimental parameters and
physicochemical properties o f the UV polymers
Available

Template

Presence o f

Experimental

Cross-linking and

surface area

rebinding

template

parameter

thermal stability

fo r template

performance

selective

rebinding

binding sites

Cross-linking is

No distinct

Polymerisation

inversely

relationship;

time

affected; thermal

(4 -24 hours)

stability is

affected

directly affected

With extended

Not available

Inversely

Not affected

times
Cross-linking is
Polymerisation

inversely

temperature

affected; thermal

(0 °C and 20 °C)

stability is

Not available

Inversely

Inverse

affected

directly affected

Section 3.5 presents a brief summary of the results and discussion presented in this chapter.
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3.5. Summary
The first objective of this study was to understand the effect o f several experimental
parameters on the physical and chemical properties o f MW MIPs. The differences observed in
the physical properties o f the MW MIPs were influenced by the experimental conditions used
fo r their preparation, as postulated. The obtained results further suggested that the variation
in caffeine binding performance o f the MIPs was greatly influenced by their physical
properties.
MW polymerisation was investigated as a possible alternative method for the development of
MIPs in comparison to traditional methods such as, oven and UV polymerisations. The
polymerisation recipe was kept the same in all the methods to make different polymers
comparable with one another.
The

obtained

results suggested that

MW

polymerisation

exhibited

extremely

fast

polymerisation kinetics compared to the traditional methods. Different physical properties and
the recognition performance of the polymers produced by MW polymerisation were also
comparable to that of the oven and UV polymerisations. MW polymerisation was investigated
by varying its experimental parameters, such as polymerisation rate, time and temperature.
The controlled heating rates achieved with MW reactor allowed investigating the effect of
different heating rates on the physical properties and performance o f the polymers which has
not been reported in any existing study. The obtained results suggested that controlled
heating rates achieved only with the MW reactor were far more influential on the physical
properties o f the resulting polymers than the temperature and the length o f polymerisation.
The results also indicated that different rates o f heating in MW polymerisation could produce
polymers with considerable differences in their cross-linking degree, surface area, thermal
stability and even porosity. MW polymerisations carried out for as little as 5 minutes produced
monomer conversion of greater than or equal to 98 % which were comparable to the
traditional methods.
The considerable differences observed in the physical characters o f the prepared MW
polymers translated into their recognition performance too. This also implied that
programmable controlled heating of MW reactors could be exploited in developing polymers
with predictable performance. This could be useful in reducing the time taken in optimising
different parameters to achieve desired polymer products. The results obtained strongly
recommended that MW polymerisation could be investigated further as a suitable alternative
polymerisation technique to develop polymers with added advantages of controlled
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polymerisations, faster reactions and reproducibility. In particular, MW polymerisation could
be a useful technique in addressing existing challenges in commercialisation o f MIPs which
include lack of industrial scale production and batch to batch variability.
Another objective of this study was to understand the effect o f different experimental
parameters on the physical properties o f the resulting MIPs. The effect o f heating rate in a
thermal polymerisation has never been studied. The presented study investigated this fo r the
first time with the virtue of a MW reactor where polymerisations were carried out with wide
range o f MW heating rates. The obtained results indicated that the slower polymerisation
produced the MIPs with higher cross-linking degree and lower thermal stability. These MIPs
also showed larger surface area, improved template recognition performance and improved
imprinting efficiency too.
Polymerisation time was the second experimental parameter in the presented study which
was varied whilst preparing the MIPs and the physical properties and recognition performance
of the resulting MIPs were studied in identical manner. The obtained results indicated that
different lengths of polymerisation slightly affected physical properties o f the MIPs. The
presented study reported for the first time that shorter polymerisation times, such as 5
minutes of MW polymerisation and 4-8 hours o f oven and UV polymerisations were sufficient
to produce MIPs with optimum cross-linking degree, surface area, recognition performance
and even imprinting efficiencies. Extended polymerisations either maintained or decreased
mentioned characteristics of MIPs. This study has found a need to reinvestigate the extended
polymerisation times used in traditional polymerisations, as they did not improve properties of
the resulting MIPs.
The third experimental parameter under study was the polymerisation temperature where the
effect of different polymerisation temperatures (60 °C to 90 °C) on the properties o f the
resulting MIPs was studied. Controlled nature o f MW reactor maintained heating rates as
desired even when polymerisations were carried out at different temperatures. The presented
study found that MW polymerisations produced MIPs with much similar cross-linking degrees
at different temperatures. The measure o f the heating rate at different temperatures was not
possible in oven or UV polymerisation due to lack o f controlled heating. However, the
literature has widely reported increasing heating rates with increase in polymerisation
temperatures. This was confirmed by the obtained findings that faster heating rates at
elevated temperatures led to decrease in cross-linking degree o f the MIPs. No other study has
reported this finding which supports the proposed hypothesis that polymerisation kinetics
would be faster at elevated temperatures in traditional uncontrolled heating. This would
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polymerise materials faster before they could be form enough cross-linking. Higher
polymerisation temperature (90 °C) produced higher thermal stability in the MIPs and
considerably larger surface area. However, unlike general assumption the presented study
established that improved surface area did not necessarily result into improved template
recognition performance of the resulting MIPs.
For the first time, this study established that improved recognition performance and formation
o f template selective binding sites within the MIPs were highly influenced by their cross-linking
degree and their polymerisation kinetics than just their surface area. The obtained results
strongly supported the proposed hypothesis that the slower polymerisation kinetics was
crucial in producing stable monomer-template cavities which produced highly selective
template binding cavities. On the other hand, sufficient degree of cross-linking was crucial in
maintaining the integrity o f selective cavities for template rebinding.
The third objective o f this study was to investigate whether different properties (both physical
and chemical) affected each other. The obtained results showed striking influence o f these
properties on one another. For example, heating rates affected the cross-linking degree o f the
polymers which reflected into their recognition performance. Microscopy analysis o f the
polymers indicated polymers to be porous in texture, irregular in shape and consistent in their
size distribution. The surface area and imprinting efficiency o f the MIPs was found to be higher
than that of the NIPs which suggested the presence o f template selective binding cavities
present on the surface o f the MIPs. This was also confirmed by improved template recognition
performance o f the MIPs.
3.6. Future work
Porosity characteristics o f all the oven and UV polymers could be investigated further for
comparison with the obtained results o f the MW polymers. It would be very useful to study
lower template concentrations for the recognition performance o f the MIPs. This would allow
plotting Scatchard diagrams for the template rebinding studies which would give better
understanding of the distribution of the template selective binding sites created within the
MIPs. More experimental work will need to be performed in exploring the effect o f different
porogens on the MW heating rates using the same polymerisation recipe.
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4.1. Preface
This chapter forms one o f the case studies undertaken during my PhD research which is based
on ToxiQuant, an instrument developed by Toximet (UK) for the detection o f mycotoxins from
commercial produce samples. The work presented in this chapter is aimed at improving
existing performance of ToxiQuant.

In ever growing global food supply chain, the quality of food has been o f a persistent concern
due to their possible contamination with undesirable chemical and biological hazards.
Chemical hazards include pesticides, veterinary residues, naturally occurring toxins (including
mycotoxins and algal toxins) and illicit additives; whereas biological hazards may include some
bacteria, viruses and related toxins. Different analytical techniques currently being used for
the detection o f such hazards are elaborate and expensive too. Toximet conducted extensive
research on mycotoxins and identified strong need for a simple, rapid and affordable testing
tool to address current challenges in detecting mycotoxins from various food samples. Their
efforts resulted in the successful launch o f ToxiQuant, the first prototype technique which is
affordable, robust, fast and highly accurate in detecting multiple mycotoxins in food samples.
Selective mycotoxin recognition in ToxiQuant is currently achieved by the virtue o f immunoaffinity cartridges. These cartridges are highly selective towards the target toxin and accurate
in their performance; however they significantly add to the cost of the equipment. Not to
mention, they also suffer from limited shelf-life due to antibodies being an integral part of
their packing material. The research work presented here will investigate into the
development o f polymers as alternative packing materials for ToxiQuant cartridges. Herein,
polymers have been prepared for the detection o f aflatoxin (AFT) and ochratoxin (OT) using
the recipe provided by Toximet. The recipe was developed by a PhD study based at Cranfield
University.

Polymers have been prepared by thermal (oven and microwave), UV, suspension, precipitation
and core-shell polymerisations to generate polymers in different formats, looking towards
scale-up and optimal performance. Since the performance o f a polymer is largely dependent
on its preparation conditions, this study also investigates into the effects o f their preparation
conditions

(such as, polymerisation type,

polymerisation

length

and

polymerisation

temperature) on both the physical properties and mycotoxin recognition performance o f the
resulting polymers. The chapter begins with a brief overview o f recent literature, the first
section o f which discusses the importance o f mycotoxin detection, different methods currently
being employed in detecting mycotoxins and the scope o f using polymers as alternative
recognition materials in ToxiQuant. It is then followed by methods used fo r polymer
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preparation and their physico-chemical analysis. Then the final section continues with the
discussion o f the obtained results and presents a future outlook on the current study.

4.2. Introduction
Toxins are secondary metabolites produced by various microorganisms such as virus, bacteria
or fungi for their self-defence or growth; however they could be harmful to other animals and
humans. Mycotoxins are such secondary metabolic toxins produced by fungi, termed as
moulds. They tend to grow in the crops of many commodities having moisture content o f more
than 7 % by weight at the time o f their harvest. Such commodities includes nuts, cereals, oil,
coffee, spices, fruits, cocoa etc. (1). If not until their harvest, the crops may also grow mould
during their improper storage or processing.

Among different types o f mycotoxins, aflatoxin (AFT) and ochratoxin (OT) are the most
prevalent and found in abundance in various foodstuffs. Figure 4.1 shows the chemical
structures of most commonly found mycotoxins.

Aflatoxin B1

Aflatoxin B2

Aflatoxin G1

Aflatoxin G2

ci
Ochrotoxin A

Ochratoxin B

Figure 4.1: Chemical structures o f commonly occurring mycotoxins in food samples; adapted
from (2-4).

Structurally, AFT are difuranocoumarin derivatives which fluoresce when exposed to UV
irradiation. Based on their fluorescence and separation pattern on a chromatographic
stationary phase, they are classified into four types, B l, B2, G1 and G2 (2,3). In fact, B and G
abbreviations refer to their blue and green fluorescence respectively (5). Indeed, it is the selffluorescent nature o f AFT that makes their detection very convenient and sensitive by simple
fluorescent detectors used in conjunction with LC and GC chromatography systems (4).
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Among different AFT varieties, AFT B1 is highly abundant and is found to be the most toxic too.
Earliest study on bacteria has already established that AFT B1 is converted to harmful epoxide
form in the cells by biological enzymes, such as cytochrome P450 (6). Once inside the cells, a
strong intercalation between nucleophilic DNA and highly electrophilic AFT epoxide results in
impaired DNA transcription and causes genotoxic damage too (7). Studies have further shown
that such malfunctioning codon sequences may even mutate the tum our suppression gene
and result in cancer (8 ). Albeit, the severity of AFT related health problems largely depend on
their amounts ingested, their processing conditions and the strain of the fungus producing
them (9).

Therefore, it is essential to regulate the levels o f AFT in the foodstuff and in animal feed. It
wasn't until the 1960 when proper laws were laid for their control in food. This came after the
widely reported Turkey X disease in England where about 100,000 turkeys died on eating AFT
infected groundnuts which were imported in the country (10). Another outbreak of
aflatoxicosis in Kenya also led to severe poisoning, this time among its wide population (11).
Therefore, the USFDA (United States Food and Drug Administration) and European Union have
laid strict guidelines fo r the permissible limits o f AFT, down to ppb (parts per billion) levels
(12). In spite of such efforts, FAO (Food and Agriculture Organisation) suggests that about 25 %
of the entire globe's crop is still infected with AFT and is likely to spread in global food supply
chain unless monitored carefully (13). Table 4.1 shows the AFT allowance in food across the
world.

Table 4.1: AFT amounts found in food and its permissible amounts globally; adapted from (1316).
Total AFT range found in food

Maximum AFT limits guided

Area

(Hg kg'1)

by FAO (pg kg'1)

Africa

10-22

10

Asia/Oceania

5-35

15

Europe

0-12

5

Latin America

0-35

20

North America

15-20

15-20

Another major mycotoxin type commonly found in foods is ochratoxin (OT) which is
dihydroisocoumarin derivatives as well, namely OTA and OTB. OT is the most prevalent and is
found in a variety of nuts, cereals, wine, rice and spices (4). They are relatively stable and can
survive extreme temperatures o f cooking or freezing too. This means that once produced, they
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do not degrade but deposit in the animal meat fed on a toxin contaminated crop. And from
this point, they can enter the human food chain too; moreover they are not even degraded
either by cooking or by human digestive enzymes (4). This may result into OT deposition in
blood, liver and adipose tissues causing acute kidney, liver dysfunction and even immune
depression. In some cases, they can also be teratogenic, mutagenic and carcinogenic by
inhibiting participation o f phenylalanine in the vital protein synthesis (3,4,10). Since, OT is
present in very low concentrations (ppb level); it also becomes quite challenging to detect
them. Therefore, most countries across the world have guidelines fo r the permissible limits of
OT in food samples and animal feed (3).

Besides AFT and OT, numerous other types o f mycotoxins are produced by about 500 known
fungal species. Although toxin production is specific to a certain genotypic fungal strain,
sometimes the same mycotoxin is produced by a variety of species depending on the climatic
conditions. As a result, different mycotoxins tend to show much diverse range o f
physicochemical properties and are difficult to be detected by a single analytical technique.
Hence, major types o f mycotoxins are classified on the basis o f their chemical structure, the
body organ they target or the source of fungi that produce them.

Since AFTs and OTs are found to be most abundant and toxic, the research presented in this
chapter will focus on their detection from nut samples, mainly peanuts (17). Also that the
presented research is focused on developing polymers as recognition materials fo r mycotoxin
detection, it would be important to discuss the methods currently being used for the
preparation and analysis of mycotoxin containing food samples.

Mycotoxin samples are prepared in three main steps which include sampling, homogenisation
o f the food material and mycotoxin extraction from this homogenised food matrix. The
extracted mycotoxins are then analysed by chromatographic or immunological detection
techniques (10). The primary step o f mycotoxin extraction from the food matrix is a crucial
step, widely regarded as the clean-up step (18). It is carried out by classic extraction
techniques, such as, liquid-liquid extraction (LLE), supercritical fluid extraction (SFE) and solid
phase extraction (SPE) (3). The optimisation o f clean-up step depends on both the type of
mycotoxin being extracted as well as the type o f food matrix it is extracted from. For example,
AFT is highly hydrophobic which demands the use of non-polar solvents such as n-hexane;
whereas OT is soluble in methanol and acetone. In general, almost all mycotoxins are largely
soluble in polar organic solvents, such as acetonitrile, dichloromethane (DCM), chloroform and
methanol (13) and are widely used for toxin extraction from various food matrices.
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Sometimes, acidified solvents are also preferred fo r extracting fatty mycotoxins as they aid in
breaking bonds between the toxin and other fatty constituents of food, especially in nuts.
Apart from these classic extraction techniques, some newer techniques have also been
reported in the literature which includes pressurised liquid extraction (PLE), where mycotoxins
are extracted with solvents at elevated temperature (200 °C) and pressure. However,
sometimes PLE tends to co-extract interfering compounds from the matrix as well due to
higher temperatures (19). Supercritical fluid extraction (SFE) is another newer extraction
technique, where highly dense supercritical C02 elevates pressure to aid in mycotoxin
extraction from the food matrix. However, this extraction technique is highly expensive and
the polar nature o f most mycotoxins makes it difficult to be penetrated by supercritical C0 2
used.

It is evident from the literature that in spite o f some newer extraction techniques, classic
liquid-liquid extraction (LLE) and solid phase extraction (SPE) still remain the most widely used
methods for mycotoxin clean-up due to their ease o f operation and cost-effectives (3,13). In an
LLE based mycotoxin extraction, usually higher volumes of solvents are shaken with the
powdered food sample to extract mycotoxins. Although alternative use of hollow fibre based
LLE is found to perform superior extractions, it is still inconvenient and unsafe compared to
SPE due to handling and shaking o f large volumes o f toxic organic solvents (20). On the other
hand, a typical SPE based extraction protocol includes stationary phases which are packed into
polypropylene cartridges and mycotoxin containing food samples are passed through them.
This provides an affinity based separation o f mycotoxins from other interfering food
components onto the stationary phase. An optimised SPE protocol is safer, quicker and utilises
little volumes o f solvents compared to LLE. In addition to this, SPE stationary phases are often
reused making it very cost-effective for industrial applications. The stationary phases used in
an SPE based mycotoxin clean-up include either whole or combinations o f normal phase silica,
reverse phase C-8 or C-18, octadecyl chains end capped silanes, charcoal and other ionexchange polymer derivatives, largely referred to as Mycosep® and Multisep® (21). It has been
established that an SPME (solid phase micro extraction) may even surpass the performance of
an SPE protocol as it can carry out simultaneous sample clean-up from multiple food matrices
(11,22). For an example, a carbon fibre based stationary phase in an SPME clean-up could
achieve high throughput by multiple extractions o f OT from as many as 96 samples with the
LOD (Limit of Detection) down to 0.3 ng mL'1 (3). An example o f a typical LC chromatogram
obtained by SPME clean-up is shown in Figure 4.2.
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Figure 4.2: Overlay o f typical ion chromatograms (TIC) obtained by LC-MS system w ith and
w ith o u t an SPME clean-up step fo r the separation o f m ultiple mycotoxins; adapted from (11).

Figure 4.2 shows an LC chromatogram indicating that an SPME based clean-up gives a highly
resolved mycotoxin separation in comparison to a poorly resolved chromatogram obtained
w ith o u t an SPME clean-up. W ith the realisation of numerous advantages offered by SPE over
other clean-up techniques, it makes an ideal method fo r developing simple mycotoxin clean-up
protocol. However, the normal or reverse phase stationary materials used in SPE may not be
selective fo r the separation of complex matrices, such as a food matrix containing different
mycotoxins.

To resolve this, im mu no-affinity columns (IAC) are widely used as stationary phases where
monoclonal or polyclonal antibodies are embedded into cartridges. An IAC based clean-up
gives cleaner mycotoxin extracts compared to any other clean up method due to higher
selectivity and specificity o f antibodies towards their targets. At the same tim e, tremendous
specificity of antibody towards its target toxin may make it less favourable for the separation
o f other toxins or the ir mixtures. However, AflaOchra™ is an IAC where simultaneous clean-up
o f both AFT and OT is made possible by using combination o f different antibodies (17).
Compromised stability and high cost o f antibodies still are considered to be m ajor drawbacks
o f an IAC based sample clean-up. The clean-up cartridge used in ToxiQuant (ToxiTrace®) is also
an im m uno-affinity based material which suffers from the same lim itations. Therefore, the
research interest lies in developing alternative materials fo r mycotoxin clean-up in ToxiQuant
technology which w ill be discussed fu rth e r in the following sections.

Just before discussing ToxiQuant technology further, it would be im portant to discuss how
mycotoxin quantitation is usually carried out once they are cleaned up from the food matrix.
Quantitation o f mycotoxins is mainly carried out by chromatography or immunoassay based
techniques coupled with various detectors in offline or online mode. These mainly include, thin
layer

chromatography

(TLC),

gas

chromatography

149

(GC),

high

performance

liquid

Chapter 4

chromatography (HPLC) and enzyme linked immuno-sorbent assay (ELISA) (23). TLC is the most
basic chromatographic technique where silica gel or C-8 end capped silica grafted to a glass, or
metal sheet is commonly used as a stationary phase for the separation and immobilisation of
both AFT and OT. The technique is useful particularly for semi-quantitative analysis in
conjunction with UV-visible spectrophotometer or fluorimeter for toxin quantitation.
Although, it helps screen a broad range o f mycotoxins at lower cost, it still demands an
efficient sample clean-up of complex mycotoxin containing matrices and lacks automation too.
Therefore, TLC is less preferred these days when there are other automated and more
accurate chromatographic techniques already available fo r toxin quantitation. GC is one o f the
classic chromatography techniques that may be used for mycotoxin quantitation in
conjunction with an MS detector for a more precise quantitation than that obtained by TLC (3).
But the major drawback is that the most mycotoxin types need derivatisation prior to their
separation by GC as they are non-volatile in nature. This is well reflected in the published
literature which shows that only about l / 6th o f the total chromatography based toxin
detection studies have been carried out by GC (13). To this end, liquid chromatography is
preferred over GC as it does not demand any complex chemical derivatisation prior to
mycotoxin separation and quantitation. LC systems are usually combined with Photodiode
Array detectors (LC-PDA), Mass Spectrometers (LC-MS) and Fluorescence detectors for toxin
quantitation (22-25). Lately, there has been a growing interest in using quadruple MS or MSMS detectors as well which can quantify multiple mycotoxins in a single-step protocol;
however towering costs and complexity o f such sophisticated MS detectors has made it less
welcomed universally (26-32).

The second major technique used for mycotoxin quantitation is based on immunoassays
where the toxin is separated by using antibodies which is then followed by their quantitation
with the help o f fluorescence detectors (33-35). In fact, currently available ELISA detection kits
are faster than HPLC with the equivalent LOD o f about 10-20 ng g'1for most food samples (36).
However, immunoassays exhibit a much shorter shelf-life due to their sensitivity towards
changes in the pH and temperature due to the antibodies used; not to mention they are nonreusable and highly expensive too (20). This limits the use o f immunoassay based mycotoxin
detection for industrial applications; particularly lower stability of antibodies is a big drawback
which restricts its use in different climatic conditions across the globe.

Capillary electrophoresis (CE) is another useful method for separating closely related
mycotoxin molecules based on their charge and mass values. These are usually coupled with
simple fluorescent detectors avoiding the need fo r an MS-MS or other complex and expensive
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detectors (3). However, CE based mycotoxin separation has not yet been thoroughly
investigated and it still poses the issues of high maintenance and expensive instrumentation.
Weighing all the odds, HPLC still remains the most widely used method fo r industrial scale
mycotoxin detection w ith the LOD o f about 0.1 ng g'1 (13,36). This is well reflected in Figure 4.3
which shows th a t the frequency o f the use of LC based chromatography system is much higher
than other analytical techniques fo r mycotoxin detection.

O huorometry
GC/MS
.

LC

O,
EU SA

GC

TLC
minicolumn

O frequency of techniques

Figure 4.3: Schematic of the frequency of analytical techniques used fo r mycotoxin analysis fo r
the regulatory purpose; adapted from (14).

There also have been reports o f development o f faster and novel detection techniques, such
as, membrane based or flow through immunoassay (37), lateral flow test strip and membrane
selective flow assays (15,38,39). However, these techniques are not yet fully investigated fo r
mycotoxin detection on industrial scale. Not to mention, they already have lim itations due to
integration o f short-lived, expensive and non-reusable antibodies in them. Table 4.2
summarises IA and SPE based mycotoxin detection techniques.
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Table 4.2: Summary of IA and SPE based techniques for mycotoxin analysis; regenerated from
(15)
ELISA

Flow through

Lateral flow test

assay

Type

Quantitative

Semi-

Semi-

quantitative

quantitative

Fluorimetric

Fluorimetric

assay with IA

assay with

clean-up

SPE clean-up

Quantitative

Quantitative

Limit

2.5 ppb

20 ppb

4-20 ppb

1 PPb

5 ppb

Recovery

~ 94-122 %

N/A

N/A

105-123 %

92-102 %

Time

< 25 min

< 5 min

5 min

< 15 min

< 5 min

Detection

Plate reader

N/A

N/A

Fluorimeter

Fluorimeter

Although newer methods, such as flow through assay and lateral flow tests are quicker, they
provide semi quantitative analysis o f mycotoxins. This reiterates that HPLC is widely preferred
method for mycotoxins detection in spite of its complex and expensive instrumentation.
However, it would be important to mention here that the use o f HPLC needs scientific
expertise and elaborate training on instrumental protocols. This makes it very challenging fo r a
non-scientific personnel to carry out a quicker on-site check of food samples either received or
dispatched at various stages of the supply chain. Additionally, HPLC demands high
maintenance and large volume of solvents too. In this regard, need for a simple, rapid and
inexpensive analytical technique has been addressed by Toximet with ToxiQuant as their first
prototype technology (36). Section 4.2.1 discusses the principle and working o f ToxiQuant
technology.

4.2.1

ToxiQuant

ToxiQuant is the first prototype analytical technique developed by Toximet that can separate
and quantify different mycotoxins simultaneously from foods such as nuts. Unlike currently
used analytical systems, such as HPLC, ToxiQuant is a portable device that functions with ease
and high accuracy without the need for extensive operational training. This means the nonscientific staff dealing with the food supply chain could be easily trained to use it unlike
complex operation and extensive training needed fo r operating HPLC systems. Not to mention,
mycotoxin detection in ToxiQuant takes just a couple o f minutes in comparison to elaborate
procedure and complex instrumentation needed for an HPLC based toxin detection protocol
(40).
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Mycotoxins are strongly bound to the lipid and other constituents in the food samples which
demand th eir careful extraction from the rest o f the food matrix (as discussed earlier in
Section 4.2). The protocols used in a ToxiQuant based mycotoxin clean-up or sample
preparation are based on SPE, where the filtered extract of a food sample is introduced into
the tailor-m ade SPE cartridge using a typical SPE manifold to extract mycotoxins from other
interfering food constituents mainly lipid which are in abundance in nuts. At the end o f a
clean-up, interfering components are retained on the cartridge whereas mycotoxins pass
through. Figure 4.4 shows the schematic describing the clean-up step fo r the food samples
containing mycotoxins.

JT

V

Introduction of food sample
under negative pressure

Interfering
substances
retained on th e _
stationary phase
packed in the
cartirdge
Toxins
collected at
bottom

Solid phase extraction for
sample clean-up

y

_13f

cn/A . - Interfering substances of the food sample extract
• - Toxins present in the food sample extract

Figure 4.4: Schematics o f the mycotoxin clean-up step from the food samples.

Mycotoxins collected from the bottom o f the clean-up cartridge are then transferred to
another cartridge onto which it is immobilised and then quantified by ToxiQuant. This
cartridge is referred to as Toxitrace®. Figure 4.5 shows the schematic describing quantitation
o f extracted mycotoxins by ToxiQuant.
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Figure 4.5: Schematics o f mycotoxin quantitation step in ToxiQuant technology.

Cartridge containing immobilised mycotoxins sits in the sample holder o f ToxiQuant as shown
in Figure 4.5. The cartridge is then illuminated w ith the UV-visible light th a t makes mycotoxins
fluoresce and detected further by built in spectrometer. The resulting spectrogram is then
chemometrically treated (40,41). This gives the amount of % o f each mycotoxins present in the
sample under study. Impressively, the entire process just takes a few minutes in comparison to
lengthy sample preparation and analysis carried out in LC based detection systems. ToxiQuant
consists o f a UV lamp, an SPE cartridge holder, fluorescent detector, some optics, mechanics
and software (36). Figure 4.6 shows a summary o f the operational steps involved w ith
ToxiQuant technology.

(a)

(b)

(c)

Figure 4.6: Operational steps o f ToxiQuant system, where (a) is the start-up screen displaying
cartridge loading into its holder, (b) is the mycotoxin immobilised cartridge being placed into
the sample holder and (c) is the toxin count number displayed on the screen as a result of
rapid chemometric analysis.

When immobilised mycotoxins are irradiated w ith the UV light inside ToxiQuant, they tend to
show fluorescence. It is im portant to mention here, that the cartridge holder in ToxiQuant is
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specifically designed to allow it to rotate around its axis to move freely which ensures an
accurate reading o f the total fluorescence from all directions. This unique design o f ToxiQuant
technology suggests that it can function with a much diverse range o f analyte o f interest, as
long as they show fluorescence upon UV irradiation. In fact, ToxiQuant could be further
investigated as a platform technology for the detection of toxins from various other chemical
and biological sources, such as, environmental pollutants, pathogens causing food poisoning
and even counterfeit drugs. However, the key issue in its further development is the
compromised stability o f antibodies used which could be addressed by developing stable and
cost-effective alternative stationary phases for ToxiTrace® fo r extraction and immobilisation of
the analytes o f interest. The following part o f the introduction will discuss the limitations of
the ToxiQuant cartridges and scopes of further improvement in them.

4.2.2. Scopes o f improvement in ToxiQuant
Tailor-made cartridges currently being used in the ToxiQuant are immunoaffinity (IA) types.
Here, antibody (Ab) selective for the recognition o f a specific mycotxin is covalently
immobilised onto a solid stationary phase such as, silica and polysaccharides (agarose) (42).
Having immobilised antibodies in them, IA cartridges can be handled only with aqueous
solvents. Hence, the choice o f clean-up solvents becomes limited to either methanol or
acetonitrile (43). Due to higher molecular weight o f antibodies, IA cartridges may exhibit poor
mycotoxin recognition performance too (44). Moreover, these cartridges suffer from high cost,
non-reusability and short shelf-life due to easy denaturation o f the antibodies (as discussed
earlier in Section 4.1) (45). In this regard, there has been growing interest in developing
chemiluminescent biosensors as an alternative to the traditional SPE styled cartridges (46-48);
however the fundamental problem o f using antibodies as recognition materials in these
cartridges make them less stable, tedious to operate and expensive to use. Alternative
cartridge packing materials, such as, aptamers are widely investigated as recognition elements
that can be used in biosensors as a direct replacement o f biological antibodies. Aptamers or
antibodies used in this way can also be immobilised onto metal nanoparticles such as, iron
oxide and gold which not only immobilise the recognition element (Ab or aptamer) but also
enhance the electrochemical signal fo r the detection o f analyte (49-54). Selective interactions
between DNA and their target AFT can be implemented in sensors, not to mention that DNA is
more stable as compared to antibodies (51,55,56). However, their design and optimisation is
much complex, elaborate and expensive. This makes synthetic polymers as the most suitable
alternatives to be investigated as SPE stationary phases for the sample clean-up purposes.
Unlike biological recognition elements (such as, Ab or aptamer), polymers are very robust, cost
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effective and reusable and have been used as stationary phases for SPE, HPLC and other
chromatographic techniques fo r separation, detection and quantitation of a wide range of
mycotoxins (4,57,58). More importantly, polymers can be tailor-made for any analyte of
interest unlike elaborate selection process o f SELEX for aptamers or clonal selection used for
antibodies (as discussed earlier in Section 2.2). Most polymers are medium to long chain linear
organic materials which are used as reverse phase C8 to C18 stationary phases (30,58-61).
However, some highly cross-linked polymers have already shown improved AFT recognition as
compared to C8 based SPE stationary phases (62,63). MIPs have also been investigated as SPE
stationary phases for mycotoxin analysis (4,54,57,64). Earlier studies conducted by researchers
at Toximet and the University o f Leicester have found that careful optimisation o f pre
polymerisation recipe can generate highly specific cross-linked polymers for mycotoxin clean
up. The research has shown that computational modelling can yield highly specific monomers
for the selective recognition of the target analyte equivalent to that of the MIPs. This is
particularly useful whilst preparing polymers for mycotoxins since it is devoid o f the challenges
faced in imprinting bulky mycotoxin molecules and also minimises the possible risk o f toxin
leaching from its matrix in post-polymerisation stages (36,65).

Although the recipe fo r preparing clean-up polymers for ToxiQuant technology is established,
the investigated polymers are currently in monolithic form. As discussed earlier in Section 2.5,
monolithic polymers are irregular in shape which is likely to result into their inconsistent
packing inside the cartridge. This may be reflected further into hindered binding and removal
kinetics o f the target analyte too. Therefore, the aim o f the presented study is to develop
different polymer formats using the standard recipe provided by Toximet. To this end,
polymers have been prepared in both monolithic and microparticulate format since spherical
microparticles can improve existing performance o f ToxiQuant by the virtue of its improved
packing and rebinding kinetics in comparison to monoliths (as described earlier in section 2.5).
In this study, monoliths have been prepared by oven, UV and MW polymerisations; whereas
the

microparticles have been prepared

by suspension, precipitation and

core-shell

polymerisations. Prepared polymers have been packed into SPE cartridges in triplicates and
sent to the team of researchers at the University of Leicester and Toximet to test them fo r
their mycotoxin recognition performance. Since different experimental parameters are likely
to reflect into the physical make-up and thereby recognition performance o f the resulting
polymers (as discussed earlier in Chapter 3), the presented study also encompasses
investigation into different experimental parameters associated with each polymerisation
method and its influence on the physicochemical properties o f the resulting polymers. Section
4.3 includes the materials and methods used in the preparation o f the polymers.
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4.3 Materials and methods
This section contains the materials and methods used in the preparation and analysis of the
polymers.
4.3.1. Materials
Diethyleneamine

ethylmethacrylate

(DEAEM),

ethyleneglycol

dimethacrylate

(EGDMA),

divinylbenzene (DVB),2,2'-azobis(isobutyrilmtrile) (AIBN), l,l'-azobis (cyclohexanecarbonitrile)
(AICN),

dimethylformamide

(DMF),

Triton

X-100

[4-(l,l,3 ,3 -

tetramethylbutyl)

phenylpolyethylene glycol], PVP (polyvinylpyrollidone), toluene and chloroform (CHCI3) were
purchased from Sigma-Aldrich (UK). Glass beads (75 pm, Supelco), SPE cartridges (Supelco, 1ml
polypropylene tubes) and vacuum manifold (Visiprep™, Supelco) were purchased from Supelco
(UK). Double-distilled water (Millipore, UK) was obtained from in house distillation unit and
used for analysis. All the chemicals and solvents were analytical or HPLC grade and were used
without further purification.
4.3.2. Molecular modelling
Molecular modelling for the polymerisation recipe was carried out in collaboration with the
researchers at the University o f Leicester under the supervision of Dr. Elena Piletska and Dr.
Kal Karim. The computational modelling was used to identify the most suitable functional
monomer and the cross-linking monomer and their ratio that would produce the cross-linked
polymer with the best possible recognition o f mycotoxins o f interest that is AFT and OT. The
system used for modelling was the Centos 5 GNU/Linux. The system was configured with a 3.2
GHz core 2 duo processor, 4 GB memory and a 350 GB fixed drive with software packages SYBL
7.0 (Tripos Inc., St. Louis, Missouri, USA).
4.3.3. Screening o f a suitable monomer
The choice of the functional monomer was performed by using LEAPFROG algorithm in the
configured computer system as described above. LEAPFROG algorithm allows choosing the
most suitable monomer candidate by performing its bond forming energies with the target
template. It is carried out by considering about 10,000 iterations for each monomer.
LEAPFROG was used to screen the best monomer candidate from the library of about 20 most
commonly used monomers. It would do so by assessing every single monomer molecule from
the library for its ability to bond with the target mycotoxin in all possible conformations. This is
because the monomer would need to make easier but reversible non-covalent bonds (such as
hydrogen, dipole-dipole, ionic, electrostatic and hydrophobic and Van-der-Waal interactions)
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with the mycotoxin for repeated binding and removal from the resulting polymer matrix. In
this regard, the monomer was chosen on the basis of their binding score (Kcal mol'1). Energy
minimisation was performed on mycotoxin, where the charges on the each atom o f the
mycotoxin were calculated and minimised down to the value of 0.01 Kcal mol'1 binding score.
Form this; it was found that the monomers that could predominately form electrostatic, Vander-Waal and hydrogen bonds with target mycotoxin would be favoured on the basis of their
binding score given by LEAPFROG. Target mycotoxins were then used for the screening o f the
monomers from the virtual library.
4.3.4. Molecular dynamics
After choosing a combination o f monomers, their optimisation was carried out by an earlier
protocol (65). Here the monomeric mixture including the functional monomer and the crosslinking monomer are pre-arranged and are saturated in a space in a defined box which is
heated at 600 K and cooled slowly to 300 K. The heating and cooling is achieved by minimising
the box by the molecular mechanics at the intervals o f 100 K. Following this, Energy
minimisation was minimised (to the value o f 0.05 Kcal mol'1). At the end o f the cycle, the total
number and the positions of the monomers were examined.
4.3.5. Synthesis of polymer monoliths
Polymer monoliths were synthesised thermally by MW assisted polymerisation. Different
ratios of DEAEM (5 w t %, 15 w t % and 20 w t %), DEAEM / DVB (95 wt %, 85 w t % and 80 w t %)
and AIBN/AICN (0.5 w t %, 15 mg) were added together in a 10 mL Pyrex test-tube. To the
monomeric mixture, DMF (50 w t %, 1.58 mL) was added as the porogen. The pre
polymerisation mixture was degassed by purging N2fo r 15 minutes and the test-tube was then
sealed. The tube was placed in the MW reactor (Discover Benchmate, CEM, Matthews, NC,
USA) and heated with variable MW powers (from 5 W to 150 W) fo r 15 minutes at the set
temperature o f 60 °C. The polymerisation temperature was monitored by an in situ infra-red
thermometer, which stopped inputting MW irradiation (0 W) when the desired temperature
was attained. This was to ensure that the polymerisation was carried out at desired
temperature for the fixed length o f time 15 minutes. Series of control polymers were also
prepared thermally by convection oven at 60 °C for 8 hours and by UV irradiation at 20 °C for 8
hours.
It would be important to mention here that the experimental parameters o f MW
polymerisation chosen whilst preparing ToxiQuant polymers are based on the earlier findings
from the analysis of caffeine MIPs (Chapter 3). For example, earlier study on the caffeine MW
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MIPs suggested that quicker heating rates of MW reactor (such as 300 W), longer
polymerisations (30 minutes to 60 minutes) and higher temperatures (75 °C- 90 °C) failed to
improve surface area, pore volume, cross-linking degree or even template recognition
performance o f the resulting polymers (as discussed in Chapter 3). Therefore, shorter
polymerisation time (15 minutes), lower temperature (60 °C) and lower MW powers (5 W to
150 W) have been chosen to prepare ToxiQuant polymers by MW polymerisation in the
presented study. Where the effects o f polymerisation time and temperature have been widely
investigated earlier, MW powers have not been fully investigated fo r their potential effects on
the recognition properties o f the polymers. Hence, this chapter will emphasise on studying the
effect o f different MW powers on physical properties and recognition performance o f the
resulting MW ToxiQuant polymers. Since the range o f MW powers chosen here is similar to
that used fo r preparing caffeine imprinted MW MIPs, it would allow generating a comparative
study from the findings obtained in this study with the earlier findings (Chapter 3).
Once the polymerisation was over, the monoliths were crushed and wet ground in a mortar
and pestle using methanol. The ground polymer particles were then passed through 63-125
pm sized sieves to remove fines. The particle size fraction that passed through the 125 pm but
retained on the 63 pm sieve was left to dry in a fume cupboard. Dried polymer particles were
then transferred into soxhlet extraction thimbles (Fisher, 22x80 mm cellulose thimbles) and
extracted in the soxhlet apparatus using methanol for 24 hours allowing over 100 washing
cycles (15 minutes per wash cycle). Cleaned polymer particles were then dried and stored in air
tight labelled vials.
The polymerisation recipe was optimised by changing the ratio of the monomer to the cross
linker from 5:95 to 15:85 and finally to 20:80. Polymeric monoliths were then prepared by
using the optimised polymerisation recipe in different experimental conditions as summarised.
Table 4.3: Summary o f different polymer monoliths prepared by MW assisted polymerisation
Polymerisation

Polymerisation

MW polymerisation

time (minutes)

temperature (°C)

power (W)

15

60

5

15

60

10

15

60

20

15

60

50

15

60

100

15

60

150
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This optimised polymer recipe was also used to prepare polymer micro particles by other
methods.

4.3.6. Synthesis of polymer microparticles: suspension polymerisation
Synthesis o f polymer microparticles was carried out by suspension polymerisation. As the
m onomer phase was hydrophobic in the current polymer recipe, an O/W type o f suspension
polymerisation protocol was established where hydrophobic m onomer phase was dispersed
into continuous aqueous phase. In order to achieve homogenous stirring, motorised shaft
rotors were used. Extra care was also taken in maintaining reaction tem perature by attaching
the polymerisation flasks to the condenser w ith therm om eter fo r constant m onitoring o f the
reaction tem perature. The polymerisation flasks were also equipped w ith the constant supply
o f N2 throughout the polymerisation. As explained earlier in Figure 2.10, typical suspension
polymerisation set up was used in these experiments too (see Figure 4.7).

►Water outlet

.M o t o r s h a ft
W ater
inlet N

Nitrogen

outf

'Thermometer

1

Nitrogen in
— Clamp
_ Round bottom flask with the
pre-polymerisaiton mixture
Heating mantle

Figure 4.7: Experimental set up fo r suspension polymerisation reactions.
O ther experimental parameters such as, volume o f the reaction mixture, ratio between the
dispersed and the continuous phases, stirring speed and type and am ount o f the dispersant
were

optimised

once at a tim e

whilst other

parameters were

kept constant. The

polymerisation tem perature and tim e were kept constant at 90 °C and 8 hours respectively to
ensure th a t the suspension polymers were prepared in comparable conditions to th a t o f oven,
M W and UV polymers. For faster optim isation, six parallel 250 mL reaction set ups were run at
a given tim e (as seen in Figure 4.7). Optimal volume ratio o f the dispersed phase to the
continuous phase was found to be 1:10. In order to optimise the stirring speed, different
speeds were tried in the range o f 200 rpm to 800 rpm. The speed yielded the highest am ount
o f polymer beads in desired size range (63-125 pm) was chosen fo r carrying out fu rth e r
experiments. Lower stirring speed fo r up to 300 rpm resulted in bigger polymer aggregates
lumps whereas; speed above 600 rpm resulted into much o f the polymer sticking to the wall of
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the flask. So, 500 rpm was the chosen speed o f rotation for carrying out further
polymerisations.
To formulate this O/W suspension, different amounts o f the dispersant PVP (0.1 w t % to 1 w t
%) were tested as described earlier (66,67). Thereafter, different concentrations o f the non
ionic surfactant Triton X-100 (0.5 mM to 20 mM) were also tested to form a flocculent
suspension as described earlier (68-70). The selection o f the optimal concentration of
dispersants was also made on the basis o f the total yield o f desired particle size range (63 pm125 pm). It was found that the optimal amounts of PVP and Triton X-100 were 0.5 w t % and 10
mM respectively. The porogen should be miscible with the monomer phase in a suspension
polymerisation recipe to intrude into growing monomeric nuclei. Since the porogen from the
original recipe (DMF) was miscible with water, toluene was chosen as the suitable porogen for
this O/W dispersion system.
Once all the experimental parameters were optimised, the dispersed phase was prepared by
combining DEAEM (0.83 mL, 20 w t %, 0.77 g), DVB (3.37 mL, 30 w t %, 3.1 g) and toluene (4.1
mL, 50 w t %, 3.9 g) in a 10 mL Pyrex test-tube. The continuous phase was prepared with 77.9
mL water with the dispersant PVP (0.1 w t %) or triton X-100 (10 mM) dissolved in it. Both the
phases were purged separately with N2 bubbling for 15 minutes. The continuous phase was
taken in a 250 mL round bottom flask and placed on the heating mantle pre-heated to 90 °C
temperature. The flask with the magnetic bead was stirred at 500 rpm (as shown in Figure 4.7)
to allow the dispersant to mix well with the aqueous phase. Whilst the aqueous phase was
stirred, the initiator AICN (0.5 w t %, 21 mg) was added to the test-tube containing the
monomer phase and mixed well. The dispersed phase was then added drop wise to continuous
phase in the flask and the reaction was continued for next 8 hours. Upon completion o f the
reaction, the polymer micro beads were filtered through a cellulose filte r paper (Whattman,
grade 1, 15 mm diameter). Polymer micro beads were dried under vacuum and used for
further analysis.
4.3.7. Synthesis of polymer microparticles: precipitation and core-shell polymerisation
To prepare microparticles by core-shell polymerisation, poly (DVB) microparticles were first
prepared by precipitation polymerisation. To do so, DVB (3.56 mL, 25 mmole) and AIBN
(164.21 mg, 1 mmole) were dissolved in 100 mL acetonitrile. The pre-polymerisation mixture
was purged with N2 for 15 minutes and then polymerised at 60 °C for 24 hours with gentle
stirring (71). Upon completion of the polymerisation, obtained polymer micro particles were
filtered on a cellulose filter paper (Whattman, grade 1,15 mm diameter). Dried micro particles
were analysed for their particle size and used further for shell formation on it.
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For the formation o f polymer shell, different weight ratios o f the core to shell were prepared
from 1:2 to 1:4. For example, to prepare the shell with 1:3 (core: shell) weight ratio, a 3 g of
the poly (DVB) core microparticles were weighed and 9 g of the shell monomer mixture was
prepared. In a typical shell monomeric phase, DEAEM consisted o f 20 w t % of the total
monomers (1.952ml); whereas DVB accounted fo r 80 w t % (7.877 mL) o f the monomers. Each
core-shell polymerisation flask containing different core: shell ratios (1:2, 1:3, 1:4, 1:10 up to
1:40) were put on the heating mantle in acetonitrile and the precipitation polymerisation was
carried out for 24 hours at 90 °C temperature. The resulting microparticles were dried under
vacuum and used for further analysis.
All the polymer samples were analysed fo r its physicochemical properties, such as, DSC, TGA,
porosimetry and SEM as described earlier in Section 3.3. Polymers were then analysed for their
mycotoxin recognition performance by SPE and HPLC. Section 4.4 describes the SPE and HPLC
protocols which were used to study recognition performance of the polymers in this study.
4.4. Polymers analysis
The experimental protocols fo r the physical analysis (DSC, TGA, porosimetry, SEM) were
identical to those used fo r caffeine MIPs (Chapter 3). Please refer to Section 3.3 fo r further the
details. This section explains the experimental protocol used for SPE based analysis. The
optimised protocol used for HPLC analysis could not be provided here due to confidentiality.
To carry out analysis, 100 mg o f 20 w t % DEAEM/ 80 w t % DVB or EGDMA polymer was packed
into 1 mL SPE cartridges (Supelco, catalogue number- 57023) in triplicate. Peanut extract
samples were then spiked with varying concentrations o f AFTB1 from 1-10 pg m L1.
Measurements were performed before and after SPE to determine the clean-up and aflatoxin
recovery values.
•

Conditioning: SPE Cartridge was conditioned with 2 x 1-ml aliquots o f 60 % methanol and
equillibrated with 1 mL o f HPLC grade water using a vacuum manifold (Supleco) equipped
with vacuum pump;

•

Sample addition: 1 ml o f undiluted peanut extract (60 % methanol) containing 10 pg m L 1
of AFTB1 was filtered through SPE column at the flow rate of 1 mL m in 1 and the filtrate
was collected;

•

Washing: Cartridge was washed with 2 x 1-mL aliquots o f 5 % methanol and each fraction
was collected in separate vials fo r analysis;

•

Fractions from the sample addition and both the washing steps were collected separately
in the vial and quantified by HPLC using fluorescence detector for determining % sample
clean-up efficiency of the polymer;
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•

Elution: 1 mL o f acetonitrile was filtered through SPE cartridge to extract purified
immobilised toxin;

•

Eluted AFTB1 were quantified using HPLC coupled w ith fluorescence detector for
determ ining % sample recovery from the polymer.

Section 4.5 discusses the results obtained from different analyses performed on the prepared
polymers.

4.5. Results and discussion
D ifferent polymer form ats prepared by different methods were analysed fo r th e ir physical
properties and mycotoxin recognition performance. This section discusses the results obtained
from the analysis o f different polymers under study.

4.5.1.
A record

Polymerisation kinetics
o f experimental

parameters, tem perature

in

particular

may be

useful

in

understanding the kinetics o f a polymerisation reaction. Although it is quite difficult to m onitor
the tem perature o f an oven polymerisation, it is possible to do so quite easily w hilst using a
M W reactor (as described earlier in Section 3.3.3). Here, polymers were prepared for
ToxiQuant by varying MW powers th a t was used fo r heating the pre-polymerisation mixture.
The polymerisation tem perature was constantly monitored and recorded tem peratures were
then plotted as a function of polymerisation tim e (as explained in section 3.3.3). Figure 4.8
describes the heating rates o f different MW polymerisations carried out at different MW
powers.
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Figure 4.8: Polymerisation tempertaures recorded in situ by IR probes when M W assisted
polymerisations carried out at 60 °C fo r 15 minutes w ith different MW powers.
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Before the kinetics could be discussed further, it would be important to reiterate that the
amount o f energy provided to heat the material in a MW reactor remains the same regardless
o f the value o f MW power used; different power values rather indicate the rate of heating
employed by the MW reactor. This way, a lower power would heat the reaction mixture slowly
and the higher power would do it at a faster rate (as explained earlier in Chapter 3).
Here, different MW polymerisations shown in Figure 4.8 indicated a power dependent
polymerisation kinetics where the heating rate of the thermal polymerisation was found to
increase significantly upon increasing the MW power (72). The trend observed here was much
similar to what was observed with the MW generated caffine MIPs (as shown earlier in Figure
3.15). From the temperature obtained profiles, the heating rates were also calculated as listed
in Table 4.4.
Table 4.4: Heating rate and monomer conversion achieved with different MW powers at 90 °C
for 15 minutes.

Microwave power

Average heating

applied (W)

rates (°C minute'1)

5

5

50

25

100

38

150

91

Table 4.4 suggested that when the MW power was increased from 5 W to 150 W, the heating
rates increased considerably from 5 °C min -1 to 91 °C min-1. The trend observed here was
much similar to that observed whilst preparing caffiene MIPs across similar range o f MW
powers (as described earlier in Section 3.4.1). Notably, the heating rate achieved with 150 W
power was significantly higher attaining 91 °C min '1 (as seen in Table 4.4). This was much faster
than what was observed whilst using 150 W fo r caffeine MIP preparation (as described earlier
in Section 3.4.1). This could be due to the difference in dielectric property o f the porogens
used in polymerisations, caffeine MIPs and ToxiQuant polymers (please refer to Section 3.2).
This is something that is currently under study in our lab and would be o f further interest.
164

Chapter 4

Apparently, both acetonitrile and DMF have much similar dielectric constants o f 37.5 and 36.7
respectively. Since the porogens have similar dielectric behaviour, the observed difference in
the heating rates could also be attributed by the different dielectric properties o f the
m onomer mixtures being used.
To understand the MW polymerisation kinetics better, tw o different polymerisations were also
carried out at 30 °C and 60 °C by using 2 W MW power. The tem perature profiles o f the
polymerisations were recorded by an in-situ IR probe and were plotted as shown in Figure 4.9.
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Figure 4.9: Polymerisation tempertaures recorded in situ by IR probes when M W assisted
polymerisations carried out at 30 °C (blue) and 60 °C (red) by using w ith 2 W M W power.
When the MW reactor was set to 30 °C, the reaction did not result into successful
polymerisation. This was indicated by the absensce of any exothermic bump (as explained
earlier in Figure 3.10). On the other hand, a successful polymerisation was observed when the
MW reactor was set to 60 °C tem perature. As dicussed earlier in Chapter 3, it was expected
th a t a set MW power would heat the reaction mixture at a specific rate to attain the desired
tem perature. Once the set tem perature attained, it would stop inputting any energy and allow
the reaction to proceed by its own exothermic energy (please refer to Section 3.4.1). From the
analysis o f caffeine MW MIPs, it was evident that the polymerisation rates in MW
polymerisations were driven by the MW power used fo r heating the pre-polymerisaiton
mixture. In addition to that, lack o f a successful polymerisation at 30 °C observed in this study
also suggested th a t the set tem perature o f a MW reactor was also crucial fo r a successful
polymerisation (as seen in Figure 4.9). This implied that if the polymerisation rate was
determined by the value of MW power used, the am ount o f energy input was determ ined by
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the set reaction tem perature. Studies o f both the caffeine MIPs and ToxiQuant polymers
suggested th at the polymerisations carried out below the therm al degradation tem perature o f
an in itia to r were most likely to be unsuccessful (as seen in Figures 3.17 and 4.9). This was in
agreement w ith the proposed hypothesis that a successful polymerisation in the MW reactor
would be possible only due to the molecular heating o f the polymerisation m ixture w ith o u t
any additional MW effect (as discussed earlier in Section 3.4.1). However, the effect o f
tem perature on therm al MW polymerisations would need fu rth e r investigation since both the
initiators (AIBN and AICN) used in the presented studies (Chapter 3 and 4) were azo initiators.
This would necessitate a study o f different initiator types across a w ider range o f
temperatures. Several other physical techniques were also used to understand the effect o f
both the experimental parameters (such as, heating rates o f polymerisation) and the reaction
components (such as, monomer: cross-linker ratios) on the physicochemical properties of
resulting polymers. Section 4.5.2 would discuss the results obtained from the the dynamic
scanning calorim etry (DSC) analysis o f prepared ToxiQuant MW polymers.

4.5.2.

Dynamic scattering calorimetry (DSC)

DSC analysis is routinely used to characterise a cross-linked polymer fo r its glass transition
tem perature (Tg) which is an indicative o f its cross-linking degree (as discussed earlier in
Sections 3.3.5 and 3.4.2). The obtained DSC thermograms o f the ToxiQuant polymers were
analysed and th e ir Tg were plotted against the MW power used for th e ir preparation. Figure
4.10 presents the degree of cross-linking o f MW polymers prepared at 60 °C fo r 15 minutes.
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Figure 4.10: Comparison o f the Tg of the ToxiQuant polymers (5 w t % DEAEM: 95 w t %
EGDMA) prepared by MW reactor at 60 °C fo r 15 minutes w ith different MW powers; standard
deviations derived from the triplicate measuresments o f each polymer sample.
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DSC analysis o f MW ToxiQuant polymers suggested th a t the cross-linking degree o f these
polymers was dependent on the M W power (heating rate) used fo r th e ir polymerisation.
Polymers prepared w ith 5 W to 50 W powers showed much similar Tg o f about 58 °C. However,
furth e r increase in the power (from 50 W to 150 W) slightly decreased the Tg values to about
55 °C. Since Tgwould represent th e ir cross-linking degrees, it could be implied th a t th e ir crosslinking degrees slightly decreased as their polymerisation rates (M W powers) were increased
from 5 W to 150 W (as seen in Figure 4.10). This suggested th a t the polymers showed slightly
higher cross-linking degree when th e ir polymerisations were carried out w ith slower MW
heating. Likewise, faster heating rates produced polymers w ith slightly lower cross-linking
degree. These observations were in agreement w ith those obtained from the study o f caffeine
M W MIPs (as discussed earlier in Sections 3.3.5 and 3.4.2).
The pre-polymerisation recipe was then slightly modified by changing the m onom erxrosslinker ratio from (5 w t % DEAEM: 95 w t % EGDMA) to (20 w t % DEAEM: 80 w t % EGDMA). For
the ease o f undestanding, the ToxiQuant polymers w ith the form ulation o f 5 w t % DEAEM: 95
w t % EGDMA would be referred to as 5 w t % DEAEM polymers; whereas the one w ith 20 w t %
DEAEM: 80 w t % EGDMA wpuld be referred to as 20 w t % DEAEM polymers in the presented
study. The MW polymers were prepared in identical manner at 60 °C fo r 15 minutes w ith
different MW powers from 5 W to 150 W. The thermograms obtained from th e ir DSC analysis
were then plotted as shown in Figure 4.11.

L
O
CO
ro

50 J

^

^
5

50

100

150

Microwave power applied (W)
Figure 4.11: Comparison of the Tg o f ToxiQuant polymers (20 w t % DEAEM: 80 w t % EGDMA)
prepared fo r different tim e durations; standard deviations
measuresments o f each polymer sample.
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This set o f M W ToxiQuant polymers (20 w t % DEAEM) showed a slight decrease in th e ir Tg
(cross-linking degree) from 58 °C to 54 °C when their polymerisation rate (MW power) was
increased from 5 W to 150 W. Again, the trend observed here in the Tg values of the polymers
was much similar to tha t o f the caffeine M W MIPs (as seen in Figure 3.16) and ToxiQuant 5 w t

% DEAEM polymers (as seen in Figure 4.11). To understand the effect o f relative amounts of
monomers on the cross-linking (Tg) o f the resulting ToxiQaunt polymers, the results obtained
from both the set o f pre-m onom er mixtures were combined, as plotted in Figure 4.12.
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Figure 4.12: Comparative analysis o f the cross-linking degree o f different ToxiQuant polymers
prepared by changing relative amounts o f monomers in the pre-polymerisation m ixture; blue
bars representing the polymer (5 w t % DEAEM: 95 w t % EGDMA); whereas the red bars
representing the polymer (20 w t % DEAEM: 80 w t % EGDMA). standard deviations derived
from the triplicate measuresments o f each polymer sample.
From the correlation, it was also found th a t the glass transition tem peratures (Tg) o f the
polymers altered upon changing the monom er ratios in the pre-polymerisaiton m ixture. The
values o f Tg and thereby the degree o f cross-linking were higher in the polymers w ith the
higher am ount o f cross-linker (95 w t % EGDMA, shown in blue bars). On the other hand, the
polymers w ith slightly less am ount o f the cross-linker (80 w t % EGDMA, shown in red bars)
showed lowered Tg (as seen in Figure 4.12). This was an expected outcome since the am ount
o f the cross-linker would directly contribute to the cross-linking degree o f the resulting
polymers.
From the obtained results, it could be concluded th a t the increase in polymerisation rate
(increase in MW power) led to decrease in the Tg (cross-linking degree) o f all the M W polymers
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(caffeine MIPs as well as ToxiQuant MW polymers) studied so far (as described in Sections
3.3.5 and 4.4.2). Another im portant observation drawn was that change in the m onomer to
cross-linker ratios o f the pre-polymerisation mixture did slightly affect Tg o f the polymers.
Increase in the cross-linker am ount increased the Tg and thereby cross-linking degree o f the
polymers, as expected. However, the rate o f heating (MW power) used fo r polymerising the
monom er mixture had more pronounced effect on the Tg o f the resulting MW polymers. This
was in agreement w ith the proposed hypothesis that a polymerisation carried out w ith faster
heating would comparatively be shorter in its length as faster heating would attain the set MW
tem perature more quickly (as discussed earlier in Section 3.4.2). This would freeze the growing
linear chains much early on before they could create sufficient crosslinking in the polymer
matrix. As a result, the form ed polymer would likely to be less cross-linked. This further
suggested th a t if such polymers w ith lower cross-linking degree were heated, th e ir flexible
cross-links would undergo regio and stereo selective rotations than breaking down straight
away. The loss in energy used up in causing the bond rotation would demand higher energy
and higher tem perature fo r breaking the bonds (73). As a result, the polymers w ith lower
cross-linking degree would reach th e ir glass transition state (Tg) at comparatively higher
temperatures (as seen in Figure 4.12). In agreement w ith the hypothesis, ToxiQuant MW
polymers prepared w ith faster heating showed lower degree o f cross-linking (lower Tgvalues);
whereas those polymerised w ith slower heating showed higher cross-linking degree (higher Tg
values). All the polymers samples were then also charcterised by TGA to analyse them fo r their
therm al stability or robustness (please see Section 4.5.3).

4.5.3.

Thermogravimetric analysis (TGA)

TGA is a therm o analytical technique which is used to study robustness and therm al stability o f
a polymeric material (as described earlier in Section 3.3.6). In a typical TGA analysis, a polymer
sample is heated from 0 °C to 600 °C at a constant rate. As the heating cycle continues, it
measures the therm al and conformational transition in polymers fo r the tem perature o f up to
200 °C. Upon heating further, the polymer slowly degrades and the loss o f the polym er weight
is determined as a function o f tim e and/or tem perature.
From the obtained results o f DSC analysis, it was found th a t the MW polymers under study
showed different degrees o f cross-linking depending on the MW power used fo r th e ir
polymerisation. From this, it was hypothesised earlier that when the polymers w ith different
cross-linking degree were heated, the one w ith higher cross-linking degree would degrade
straight away in comparison to other polymer that was less cross-linked (as described earlier in
Section 3.4.3).
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Since the ToxiQuant polymers are also cross-linked polymers, their cross-linking degree would
be crucial in defining th e ir robustness and therm al stability. For example, the polymers with
higher degree o f cross-linking would be rigid enough to melt straight away when heated in
comparison to the one that is less cross-linked. This might be because the less cross-linked
polymer would be more flexible to undergo confirmational and rotational change o f their
cross-linking bonds which would make them survive higher tem peratures (as discussed earlier
in Sections 3.3.6 and 3.4.3). In this regard, TGA analysis o f the polymers could be a useful
technique to study such therm al changes occuring in the polymers as they were heated at
even higher temperatures (600 °C). For better understanding between cross-linking degree
and therm al stability o f the polymers, the pbtained TGA thermograms would also be
correlated to the obtained DSC profiles.
To carry out TGA analysis, the polymer samples were heated from 0 °C to 600 °C at a constant
rate of 10 °C m in'1 and th e ir weight loss were plotted as a function o f the tem perature. Figure
4.13 shows the TGA profile o f 5 % DEAEM: 95 % EGDMA ToxiQuant MW polymer prepared at
60 °C for 15 minutes by varying MW powers from 5 W and 150 W. The polym er heating
profiles in TGA thermograms fo r up to 200 °C would be indicative o f polymer cross-linking
patterns (similar to DSC analysis); whereas the tem peratures above th a t would show polymer
degradation rates which would be indicative o f th e ir therm al robustness (as explained earlier
in Section 3.3.6).
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Figure 4.13: Thermogravimetric profiles expressed as % polymer w eight against heating
tem perature o f ToxiQuant MW polymers prepared w ith 5 W (red) and 150 W (blue) M W
powers.
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Figure 4.13 suggested th a t the MW polymers prepared w ith powers from 5 W to 150 W
showed a little weight loss (about 2-3 %) when heated fo r up to 200 °C. On correlating
these findings w ith the DSC results obtained earlier, it was found that th e ir DSC profiles also
showed a slight difference in th e ir Tg values (4 °C) when heated in a similar tem perature
range (as seen in Figure 4.10). After that, when these MW polymers were heated fo r up to
600 °C, the polymer prepared w ith 5 W power took longer to degrade; whereas the one
polymerised w ith 150 W degraded at a comparatively faster rate and (as seen in Figure
4.13). In other words, when heated in both DSC and TGA analysis, ToxiQuant polymers did
not show any considerable difference in th e ir cross-linking degree. However, slowly
polymerised samples showed higher therm al stability in comparison to the one polymerised
w ith a faster MW heating. This observation was exactly similar to th a t obtained from the
TGA analysis of the caffeine MW MIPs when they were polymerised w ith similar MW
powers (please refer to Figure 3.27).
To understand the effect o f relative amounts o f monomers and cross-linkers on the therm al
stability o f resulting polymers, a different polymer composition (20 w t % DEAEM: 80 w t %
EGDMA) was also analysed by TGA. Figure 4.14 shows the TGA profile o f 20 w t % DEAEM:
80 w t % EGDMA ToxiQuant MW polymer.
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Figure 4.14: Thermogravimetric profiles expressed as % polymer weight against heating
tem perature o f MW ToxiQuant polymers prepared w ith 5 W (red) and 150 W (blue) MW
powers.
Figure 4.14 showed th a t when 20 w t % DEAEM polymers were heated from 0 °C to 200 °C in
TGA analysis, the polymer prepared w ith slower heating (5 W) showed slightly m ore w eight
171

Chapter 4

loss (about 10 %) compared to the one polymerised w ith faster heating (150 W). Their DSC
analysis

suggested

th a t

th e ir

cross-linking

degree

decreased

slightly

when

the

polymerisation rates were increased. In other words, the polymer prepared w ith 5 W
heating was more cross-linked than th a t prepared w ith 150 W (please see Figure 4.11). This
observation was in agreement w ith the hypothesis which suggested th a t the polymer w ith
higher cross-linking degree would show more weight loss in TGA analysis when heated at
moderately high tem eratures o f up to 200 °C. This might be because highly cross-linked
polymer would contain densely cross-linked bonds w ith little flexibility to undergo regio or
stereo selective bond rotations upon applying therm al energy. This would cause crosslinking bonds to breakdown straight away leading to polymer degradation, expressed by
th e ir weight loss, fo r example, the M W polymer prepared w ith 5 W power exhibited
comparatively higher cross-linking degree as it showed more w eight loss when heated in
TGA analysis (as seen in Figures 4.11 and Figure 4.14).
The obtained results from TGA and DSC analysis were in agreement w ith the proposed
hypothesis tha t faster therm al polymerisations in a M W reactor produced polymers w ith
lower cross-linking degree and lower glass transition temperatures and lower therm al
stability; whereas slower polymerisations produced highly cross-linked polymers that
showed higher glass transition temperatures.
Overall, all the polymers prepared w ith different MW powers (different heating rates) using
different m onom er compositions did not show complete degradation fo r up to 600 °C (as
seen in Figure 4.13 and 4.14). This suggested th a t MW polymers showed comparable
therm al stability to th a t o f traditional therm al polymers (74-76). Another useful observation
was drawn th a t when the amount o f the cross-linking monomer was increased from 80 w t
% to 95 w t %, therm al stability o f the resulting MW polymers was slightly reduced. The
polymer w ith 5 % DEAEM: 95 % EGDMA showed considerable w eight loss from the
tem peratures above 300 °C. On the other hand, the polymer w ith 20 % DEAEM: 80 %
EGDMA did not show any considerable weight loss even up to 400 °C. This suggested th a t
increasing the cross-linking m onomer in the recipe made the resulting polymers more rigid.
The prepared polymers were then also analysed by porosimetry to study the physical
properties such as, average surface area, to ta l pore volume and average size o f the pores,
as discussed in Section 4.5.4.

4.5.4.

Porosimetry measurements

These experiments were carried out in Prof. Piletsky's laboratories at the University o f
Leicester. Porosimetry analysis is a widely used technique fo r charcterising cross-linked
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porous polymers. In this study, it would be vital to understand if the changes in the
experimental parameters o f a polymerisation could affect the surface area and other
porous characters o f the resulting polymer. Expecially, the surface area would be crucial in
defining the performace o f polymers to be used as mycotoxin recognition materals. To
carry out the analysis, polym er samples were subjected to porosimetry instrum ent as
described earlier in Section 3.3.7.
Figure 4.15 shows the comparison o f average surface area o f different ToxiQuant MW
polymers prepared by varying MW heating rates (MW powers).
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Figure 4.15: Comparison o f average surface area o f ToxiQuant polymers (5 w t % DEAEM: 95 w t
% EGDMA) prepared w ith different MW powers.
Porosimetry study o f ToxiQuant polymers suggested th a t the average surface area o f these
polymers were dependent on the rate o f MW heating used fo r their polymerisation. When the
M W heating rate was increased from 5 W to 50 W, average surface area o f the polymers
decreased by about 50 units from 150 m 2 g 1 (as seen in Figure 4.15). The average surface area
decreased even furthe r by 10 more units (m2 g'1) when the heating rates were increased up to
150 W. The trend seen in surface areas o f these polymers were quite similar to th a t obtained
with caffeine MIPs earlier (as seen in Figure 3.34). These results were compared w ith that
obtained from DSC analysis, as plotted in Figure 4.16.
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Figure 4.16: Comparative analysis o f the cross-linking degree (by the means o f glass transition
tem perature) and average surface area o f ToxiQuant polymers (5 w t % DEAEM: 95 w t %
EGDMA) prepared w ith different MW powers.
This correlation suggested th a t the cross-linking degree o f polymers also had direct
consequences on the available surface area. MW polymers w ith

higher cross-linking degree

(please refer to Figure 4.10) produced larger surface area which was in agreement w ith the
study presented in Chapter 3 th a t suggested th a t higher cross-linking degree could leave little
space fo r pore form ation w ithin polymer matrix (as observed earlier in Sections 3.4.2 and
4.5.2). To understand this further, total pore volume and average pore radii o f these polymers
were also measured as shown in Figure 4.17.
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Figure 4.17: Comparison o f the total pore volume o f MW ToxiQuant polymers (5 w t % DEAEM:
95 w t % EGDMA) prepared w ith different M W powers.
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When the ToxiQuant MW polymers

were analysed fo r their average pore volumes using

porosimetry technique, it was found that the pore volumes decreased consistently whilst
increasing the heating rate o f th e ir polymerisations. Figure 4.17 indicated th a t the average
pore volume of these MW polymers dropped by about a third from 0.36 m3 g 1 when th e ir
heating rates were increased from 5 W to 150 W. This meant th a t the slower MW
polymerisations produced larger pore volumes. This behaviour was in agreement w ith the
obtained pore volumes o f caffeine MIPs prepared in comparable conditions (as seen in Figure
3.35). Considerably larger pore volumes achieved w ith slower MW polymerisations reaffirmed
the proposed hypothesis th a t slower polymerisation kinetics combined w ith pulsatile MW
heating could allow sufficient intrusion of the porogen in slowly growing polymeric chains and
generate larger pore volumes (as discussed earlier in Section 3.4.4). The same set o f MW
polymers were then also analysed fo r th e ir average pore radii to understand its relationship
w ith pore volume and cross-linking degree, as presented in Figure 4.18.
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Figure 4.18: Comparison o f the avgerage pore radii o f ToxiQuant polymers (5 w t % DEAEM: 95
w t % EGDMA) prepared w ith different MW powers.
Figure 4.18 indicated th a t average pore radii o f ToxiQuant M W polymers was between 30

A to

40 A when they were polymerised with MW powers from 5 W to 150 W. It also suggested th a t
the average pore radii consistently decreased when the M W power used fo r polym erisation
was increased. This when combined with th e ir average pore volumes, suggested th a t faster
MW polymerisations produced polymers w ith smaller pore volume and the pores produced
were also smaller in size. This seemed to agree w ith the proposed hypothesis th a t the faster
polymerisations attained w ith higher MW powers would barely allow porogen intrusion in the
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spaces between fast growing polymeric chains resulting into smaller pores and lower overall
pore volume (as discussed earlier in Section 3.4.4).
To understand this further, these results were correlated w ith those obtained fo r caffeine MW
MIPs. It suggested tha t caffeine M W MIPs produced pores o f the same average size regardless
o f the MW powers (polymerisation rate) used fo r their preparation (please refer to Figure
3.36). This could be due to the difference in the recipes o f a MIP (caffeine MIPs) and a non-MIP
(ToxiQuant polymers). W hilst preparing a MIP, the tem plate would form all the binding cavities
form ed around its shape and size hence they would remain almost similar regardless o f any
experimental parameters used (77). On the other hand, a non-MIP recipe would lack the
presence o f a tem plate. Therefore, polymerisation kinetics along w ith the cross-linking degree
would be far more influential in determining the pore size among growing polymeric chains.
This is exactly w hat was observed when the ToxiQuant polymers were analysed fo r th e ir pore
radii, they were considerably influenced by the MW used fo r their polymerisation (please refer
to Figure 4.18).
This fu rthe r suggested th at the polymerisation kinetics together w ith the cross-linking degree
and porosity characteristics could be crucial in determining the number and spatial distribution
o f pores w ithin the polymer matrix. Anaysis o f these ToxiQuant MW polymers suggested that
polymers prepared w ith slower heating rate showed higher cross-linking degree and larger
surface area leaving little volume fo r pore form ation, as observed. At the same tim e, these
polymers also showed larger pores which reflected into th e ir larger pore volumes. This
suggested th a t higher cross-linking degree observed in slowly polymerised matrix might allow
it to form few er pores; however slower polymerisation rate could enhance porogen intrusion
which could compensate by form ing larger and deeper pores within the matrix o f the resulting
polymer. Likewise, lower cross-linking observed in quickly polymerised polymers m ight allow
fo r form ation of numerous pores; however faster polymerisation rates might not allow
sufficient porogen intrusion which could compensate by form ing smaller and shallower pores
w ithin the polymer matrix. In other words, faster MW polymerisations could generate
polymers w ith numerous, smaller and shallower pores; whereas slower MW polymerisations
could prepare polymers w ith fewer, larger and deeper pores.
Such properties o f the pores would be quite critical in predicting target recognition, especially
in binding and removal kinetics o f the analyte. Ideally, the pore form ation should be surface
laden to ensure efficient target binding. Therefore, it would be im portant to reiterate th a t
larger surface area alone would not be sufficient fo r improving analyte recognition o f the
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polymer. The degree o f cross-linking should be sufficient enough to hold the cavities intact
throughout the tem plate binding and removal stages (as discussed earlier in Section 3.4.6).
Some more ToxiQuant MW polymers were prepared at 60 °C with a different monomer recipe
(20 w t % DEAEM: 80 w t % EGDMA) by using similar MW powers from 5 W to 150 W fo r 15
minutes. They were analysed fo r average surface, to ta l pore volume and average pore radii in
identical manner. Figure 4.19 presents a comparison on the average surface area o f different
20 w t % DEAEM ToxiQuant polymers.
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Figure 4.19: Comparison o f the avgerage surface area o f ToxiQuant polymers (20 w t % DEAEM:
80 w t % DEAEM) prepared at different MW powers.
ToxiQuant M W polymers showed considerably larger surface area o f about 500 m2 g 1 when
the composition o f the pre-polymerisation mixture was changed from 5 w t % DEAM: 95 w t %
EGDMA to 20 w t % DEAEM: 80 w t % EGDMA. It also indicated th a t the average surface o f the
polymer decreased by more than half o f 500 m2 g 1 when the MW power was increased from 5
W to 150 W fo r polymerisation (as seen in Figure 4.19). This immediately suggested th a t when
the amount o f functional m onomer (DEAEM) was increased from 5 w t % to 20 w t %, it m ight
have helped in fom ing more surface laden pockets fo r analyte binding. When these results
were compared to the earlier findings, it suggested that this decreasing trend seen in average
surface area o f the polymer upon increasing its polymerisation rate (increasing M W power)
was consistent in all polymer systems under study regardless o f the monomer composition of
the polymerisation recipe (as seen earlier in Figures 3.34 and 4.15). This meant th a t the
amount o f available surface area was a reflection of the experimental parameters in which the
polymers were synthesised; however the am ount of the area would vary depending on the
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monom er composition. Total pore volumes o f these polymers were also obtained by
porosimetry and the results were plotted as shown in Figure 4.20.
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Figure 4.20: Comparison of the total pore volume o f MW ToxiQuant polymers (20 w t %
DEAEM: 80 w t % EGDMA) prepared at different MW powers.
Total pore volume o f this set o f ToxiQuant M W polymers nearly trippled by increasing th e ir
polymerisation rate in comparison to 5 w t % DEAEM: 95 w t % EGDMA monom er recipe. This
suggested th a t the observed increase in the pore volume at 5 W polymerisation rate m ight be
due to overall decrease in the cross-linking since the am ount o f the cross-linking m onom er in
this recipe was decreased from 95 w t % to 80 w t % in this polymer form ulation (as seen in
Figures 4.17 and 4.20). The obtained results also suggested th a t the average pore volume o f
the polymers decreased whilst increasing the MW power from 5 W to 150 W used fo r th e ir
polymerisation (as seen here in Figure 4.20). The observed trend o f decreasing pore volum e by
increasing polymerisation rate (MW power) was found to be consistent regardless o f the
monomer composition o f the polymerisation recipe in both the caffeine M W MIPs and
ToxiQuant MW polymers (as seen earlier in Figures 3.35, 4.17 and 4.20). The results obtained
fo r the avergae pore radii were also plotted, as shown in Figure 4.21.
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Figure 4.21: Comparison o f the avge. pore radii of ToxiQuant polymers (20 w t % DEAEM: 80 %
EGDMA) prepared w ith different M W powers.
As seen in Figure 4.21, average pore radii o f ToxiQuant MW polymers was between 20 A to 40
A when they were polymerised by varying MW powers from 5 W to 150 W. it also suggested
th at the average pore radii decreased when the MW power used fo r polymerisation was
increased. Other set o f ToxiQuant MW polymers (5 w t % DEAEM: 95 w t % EGDMA) also
showed a similar trend in th eir pore radii, which also decreased in size upon increasing the rate
o f MW heating (as seen in Figure 4.18). However, the

average pore radii in caffeine MIPs

remained quite consistent regardless o f the rate o f MW heating used fo r th e ir polymerisation
(as seen in Figure 3.35). This suggested that consistent size o f the pores observed in caffeine
MIPs was indicative o f a typical pore form ation that would occur in the vicinity o f the tem plate
in case o f the MIPs regardless o f its experimental conditions. On the other hand, the pore sizes
in non MIPs (such as, ToxiQuant MW polymers) would be largely influenced by the heating
rates used fo r the ir polymerisation.
In summary, the porosity characteristics such as the surface area, pore volume and pore size of
ToxiQuant MW polymers consistently decreased as the polymerisation rates were increased
(with the virtue o f increasing powers from 5 W to 150 W MW) whilst preparing ToxiQuant MW
polymers. The obtained results from the analysis o f ToxiQuant polymers together w ith the
caffeine MW MIPs established th a t the rate o f heating had direct consequences on crosslinking

degree

and

porosity

o f the

resulting

polymers.

For

example,

slow er

MW

polymerisations were found to produce polymers w ith higher cross-linking degree and also
exhibited

larger surface area. MW

polymers w ith

higher cross-linking also exhibited

considerably higher pore volumes. This might be due to the uniqueness o f the controlled rate
179

Chapter 4

and pulsatile heating o f MW reactor which helped in constant intrusion o f the porogen
through extensive cross-linking in forming sufficient pores. The study o f all the porosity
parameters such as, surface area, pore volume and pore radii also suggested that larger pore
volumes and larger pore radii in highly cross-linked MW polymers could compensate fo r having
fewer deep pores on the surface o f the polymer. Likewise, smaller pore volumes observed in
less cross-linked polymers could compensate for a large number o f slightly small and shallow
pores in the polymer matrices. Since the size, volume and spatial distribution o f the pores
could be crucial in defining analyte binding and removal from the polymers, these observations
would be useful in interpreting the results o f recognition performance o f these polymers.
In addition to experimental parameters, effects o f monomer composition were also studied
on the physicochemical properties o f the resulting polymers. Upon changing relative amounts
o f the functional and the cross-linking monomers, no direct effect was observed on the crosslinking degree o f the resulting polymers. However, it was also found that the average surface
area and total pore volume o f these polymers dramatically increased when the monomer
composition was changed from 5 w t % DEAEM: 95 w t % EGDMA to 20 w t %: 80 w t % EGDMA
(as seen in Figures 4.15, 4.17, 4.19 and 4.20). However, the average pore size was not
considerably affected by any change in the polymerisation recipe. This suggested that any
change in different polymerisation recipes together with the polymer's cross-linking degree
were rather more likely to affect the spatial distribution and the depth o f the pores created in
its matrix. Since, the correlation between the pore sizes, volumes and their polymerisation
components has not been studied much to date, this hypothesis would need further
investigation by using different types o f monomer mixtures and their relative amounts in co
polymer recipes. Prepared polymer samples were also studied by scanning electron
microscopy (SEM) to analyse their morphology which is explained in the following section.
4.5.5.

Scanning electron microscopy (SEM)

ToxiQaunt MW monoliths were ground and sieved to get the particle size distribution (PSD) of
63 pm to 125 pm. The segregated size fraction was then viewed under scanning electron
microscope (SEM). SEM is a widely used microscopic technique to study the surface
characteristics o f a wide range o f materials. Figure 4.22 is a representative electron
micrograph o f the ToxiQuant monoliths polymerised with the aid of a MW reactor.
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Figure 4.22: A representative scanning electron micrograph o f ToxiQuant MW monoliths
(250 X magnification).
Polymer monoliths prepred by MW polymerisation were found to be irregular as would be
expected. For a precise particle size measurement, the size measurement tool was used as
indicated by the green mark drawn along the axis o f the particles in Figure 4.22. The sieved
fraction o f the obtained particle population showed desired PSD which was 63 pm-125 pm.
However, there were few er larger particles still found among the population o f the polymer
m onolith (as seen in Figure 4.22). It would be im portant to m ention here th a t the
irregularity o f such m onolith particles make it difficult fo r a strict measurement o f th e ir
diameters, crucial in defining the quality o f a solid phase packing material. Although larger
particles would not obstruct the flow pattern o f the solvent through the stationary phase
columns, they might lead to non-homogenous packing w ithin the columns (78). On the
other hand, finer particles below the desired PSD (63 pm-125 pm) would rather be crucial
in attaining constant flow rates o f the solvents through the columns. In the obtained
particle population, few er fine particles (10 %) were observed (as seen in Figure 4.22) which
suggested th a t the performed soxhlet extraction was sufficient in removing most o f the
fines from the monoliths. Overall, all M W polymers observed under SEM did not show a
smooth texture which was indicative o f th e ir porous character; however they needed to be
viewed under higher magnifications. Individual pores could not be seen or measured w ith
the resolution power o f the SEM since th e ir average pore diameters were m icroporous (less
than 2 nm) in diameter. It would also be im portant to m ention here th a t no distinct
morphological changes were observed by changing the composition o f the MW monoliths.
The morphology o f the polymer particles was also quite consistent when prepared w ith
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different MW heating rates. This was in agreement w ith the findings when caffeine MW
MIPs prepared under different experimental conditions were analysed by SEM (as
discussed earlier in Section 3.4.5). M onoliths were further analysed at maginifications, as in
Figure 4.23.
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Figure 4.23: A magnified scanning electron micrograph o f the ToxiQuant M W polymers (1.5
K X magnification).
When MW monoliths were viewed at higher magnifications, th e ir electon micrographs
showed a rough texture on the particle which was indicative o f the porous character o f MW
polymers (as seen in Figure 4.23). It also suggested th a t the m onoliths had a flaky and
irregular surface which would be expected as the monoliths were rigourously tritu ra te d to
attain desired PSD (63 pm-125 pm) from the m onolith blocks. As discussed earlier in
Section 4.3.7, the same polymer recipe was also used to prepare microparticles by
suspension

polymerisation. The remaining part o f this section would

morphological

analysis

of

the

polymer

microparticles

obtained

by

discuss the
suspension

polymerisation.
To obtain an optimised suspension polymerisation system, tw o different dispersants were
investigated (as discussed earlier in Section 4.3.7). First o f all, PVP was investigated as the
dispersant fo r the form ulation o f an O/W suspension o f the m onomer recipe (20 w t %
DEAEM: 80 w t % EGDMA). The resulting polymer microparticles were analysed by SEM as
shown in Figure 4.24.
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Figure 4.24: A scanning electron micrograph o f the ToxiQuant polymer microparticles
prepared by suspension polymerisation using PVP (0.1 w t %) as the dispersant (250 X
magnification).
The polymer microparticles prepared by suspension polymerisation were found to be
w ithin the desired PSD o f 63 pm to 125 pm; however they had a broken texture and were
irregular in shape w ith inconsistent when they were viewed under SEM (as seen in Figure
4.24). Then, the am ount of PVP was then increased

to 1 w t % o f the to ta l monomer

mixture and resultant polymer microparticles were viewed under SEM as shown in Figure
4.25.
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Figure 4.25: A scanning electron micrograph o f the ToxiQuant polymer microparticles
prepared by suspension polymerisation using PVP (1 w t %) as the dispersant (2.5 K X
magnification).
When the am ount o f PVP was increased to 1 w t % o f the total m onom er mixture, the
resulting polymer microparticles were w ith slightly spheroid shape. The particles also
appered to be flaky and irregular in th e ir texture (as seen in Figure 4.25). However,
increasing the dispersant am ount led to form ation o f slightly smaller particles since higher
amounts would help in form ing smaller monomer droplets (as discussed earlier in Section
2.6.2). The procedure was repeated in triplicate and the resultant particles appeared to be
similar as shown in Figure 4.25. As surfactants would help in obtaining homogenous
dispersion o f the monomeric droplets, they could help in improving the shape, texture and
PSD o f the

resulting

polymer microparticles. Therefore,

non-ionic w ater

miscible

amphiphilic surfactant was considered to be used fo r the polymer recipe under study.
Triton X-100, a non-ionic amphiphilic surfactant was used in different concentrations from
0.1 mM to 20 mM to carry out suspension polymerisation o f the ToxiQuant polym er recipe
(as explained earlier in Section 4.3.6).
Getting a homogenous spherical bead form ulation would be a fine act o f balance between
the amount o f the surfactant and the rotation speed. Therefore, a prelim inary screening
was carried out where the polymer microparticles produced by using different am ount of
Triton X-100 underwent sieving to to get the homogenous form ulation w ith a narrow PSD
between 63 pm-125 pm. It was found th a t out o f all other concentrations o f Triton X-100,
10 mM solution resulted into the highest amount o f to ta l microparticles (20 w t %) w ithin
the desired size range. Just to note here, th a t the suspension polymerisation was carried
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out at same tem perature 60 °C fo r 8 hours w ith the stirring speed o f 800 rpm. The resultant
polymer microparticles were then analysed by SEM as shown in Figure 4.26.
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Figure 4.26: A scanning electron micrograph o f the ToxiQuant polymer microparticles
prepared by suspension polymerisation using Triton X-100 (10 mM) at 800 rpm (100 X
magnification).
Polymer microparticles resulted from the suspension polymerisation at 800 rpm w ith Triton
X-100 as a surfactant suggested th a t the most o f the microparticles were either fractured or
broken completely (as seen in Figure 4.26). It suggested th a t the breakage m ight be caused
by a very high rotation speed th a t was used fo r carrying out this polymerisation. Flowever,
the few er intact microparticles were spherical and w ithin the desired PSD (63 pm-125 pm).
This indicated th a t the concentration o f Triton X-100 might be optim al to obtain the desired
PSD; however a higher speed o f rotation (800 rpm) might be the reason fo r producing
fractured microparticles. Therefore, the rotation speed was reduced down to 300 rpm and
suspension polymerisation was carried out w ith previously optimised pre-polymerisation
recipe. The resultant microparticles were then analysed by SEM as shown in Figure 4.27.
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Figure 4.27: A scanning electron micrograph o f the ToxiQuant polymer microparticles
prepared by suspension polymerisation using Triton X-100 (10 mM) at 300 rpm (100 X
magnification).
Figure 4.27 suggested that the slower rotation (300 rpm) certainly helped in preventing the
microparticles from breaking as the particles appeared to be more spherical than w hat was
achieved at a very higher rotational speed (as seen in Figures 4.26). Flowever, the
microparticles achieved here were largely in form o f loosely aggregated individual particles
which might be formed due to inadequate stirring (as seen in Figure 4.27). This m ight be
caused due to insufficient dispersion which would coalesce monomer droplets into
aggregates. Since the amount o f the surfactant was already optimised, the only other factor
tha t could help improve the coalescence was the speed o f rotation. Therefore, the stirring
speed was increased slightly to 500 rpm whilst keeping all other parameters constant. The
polymerisation was carried out and the obtainend microparticles were analysed by SEM as
shown in Figure 4.28.
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Figure 4.28: A scanning electron micrograph o f the ToxiQuant polymer microparticles
prepared by suspension polymerisation using Triton X-100 (10 mM) at 500 rpm (250 X
magnification).
When the polymerisation was carried out w ith slightly medium speed o f rotation (500 rpm),
the microparticle form ulation was found to be devoid o f any loose aggregates previously
observed (as seen in Figures 4.27 and 4.28). Importantly, the number o f broken or fractured
particles was the lowest so far, the fractured particles were also quite fine th a t they were
removed by subsequent sieving through 63 pm-125 pm mesh sizes. Upon sieving the
polymer microparticles, it was found that this form ulation achieved about 60 w t % o f the
total polymer microparticles in the desired size range. To study the morphology o f the
particles further, these samples were analysed by SEM at even higher magnifications as
presented in Figure 4.29.
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Figure 4.2S: A scanning electron micrograph o f the ToxiQuant polymer microparticles
prepared by suspension polymerisation using Triton X-100 (10 mM) at 500 rpm (1.0 K X
magnification).
Polymer microparticles obtained earlier (as seen in Figure 4.28) were viewed at higher
magnification and th e ir electron micrograph exhibited uniform rough surface which was
indicative of th eir porous charatcer (as seen in Figure 4.29). The particles had defined
spheroid shape as well as desired size (63 pm-125 pm). The amount o f other debris was
reduced even fu rth e r once the particles were washed by soxhlet extraction using 10 vol %
acidified methanol fo r 24 hours. This optimised form ulation o f the microparticles was then
packed into SPE cartridges and used fu rth e r fo r analyte recognition performance studies.
Polymer microparticles prepared by suspension polymerisation would offer a better
alternative than the monoliths. Although suspension polymerisation would produce
spheroid shaped particles to give better packing inside the columns than th a t o f the
monoliths, suspension polymers is deemed to produce broad particle size distribution (as
discussed earlier in Section 2.6.2). However, this could be addressed by few other
polymerisation techniques, one o f which would be the core-shell polymerisation where a
layer o f polymer could be formed sorrounding a core spheroid particle. This could generate
spheroid core-shell particles w ith narrow PSD and also could be more efficient in analyte
recognition due to improved binding kinetics through a thin layer o f the shell polym er (as
discussed earlier in Section 2.6.5). In the presented study, preparation o f polym er
microparticles has been attem pted by using core-shell polymerisation whilst using the same
m onomer recipe as that used earlier in MW and suspension polymerisations.
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Precipitation

polymerisation

is regarded as a popular method fo r preparing core

microparticles due to the ease o f polymer preparation. Not to mention, precipitation
polymerisation is totally devoid o f any troublesome optim isation such as optim isation of
the surfactant or vigorous stirring commonly encountred w hilst carrying out suspension
polymerisation. A stepwise precipitation polymerisation was followed from a previously
reported study to obtained precipitation led core-shell polymer microparticles in this study.
(71). As the first step in core-shell polymer form ation, core poly(DVB) microparticles were
prepared by precipitation polymerisation as described earlier in section 4.3.7.
Figure 4.30 presents an SEM image o f the core poly(DVB) microparticles resulted from the
precipitation polymerisation.
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Figure 4.30: A scanning electron micrograph o f the ToxiQuant polymer microparticles
prepared by precipitation polymerisation (2.5 K X magnification).
Figure 4.30 suggested th a t the precipitation polymerisation resulted into a homogeneous
microparticle form ulation o f p(DVB) spheroids w ith a narrow PSD (5 pm-7 pm). The
resultant poly(DVB) microparticles were also spherical and but not rough in texture. Unlike,
the suspension polymerisaiton, the resultant particles showed a smooth surface texture.
This was expected since no porogen was used during the polymerisation. Here, the
polymerisation mixture was devoid o f the porogen as a smooth surface would be highly
desirable fo r homogenous layering of the subsequent shell form ation. The shell was form ed
by precipitating the ToxiQuant polymer on the surface o f the core p(DVB) microparticles.
This approach may be considered as the most convenient as the entire core-shell would be
form ed in a single pot reaction by minimising the loss o f material and tim e.
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To carry out the shell form ation, different weight ratios o f the shell monomers to the core
particles (from 1:2 to 1:40) were added in the same reaction pot consisting o f the core
p(DVB) microparticles. The resultant core-shell particles were then analysed by SEM.
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Figure 4.31: A scanning electron micrograph o f the ToxiQuant polymer core-shell
microparticles (1:10) prepared by precipitation polymerisation (1.0 KX magnification).
The core-shell particles obtained by adding 1:10 weight ratio o f the core microparticles to
shell monomers appeared as loose aggregates when viewed under an SEM (as seen in
Figure 4.31). The average diam eter o f the particles was still well below 20 pm which was
much smaller than the desired PSD o f 63 pm-125 pm. This suggested th a t the ratio o f the
core to the shell monomers needed to be increased further. As a result, higher am ount o f
the shell monomers were added and precipitated into microparticles, as seen in Figure
4.32.
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Figure 4.32: A scanning electron micrograph o f the ToxiQuant polymer core-shell
microparticles (1:20) prepared by precipitation polymerisation (1.0 KX magnification).
When the w eight ratio of the core particles: shell monomers was increased to 1:20, the
resultant core-shell particles emerged into irregularly shaped polymer aggregates form ed
by joining small individual particles (as seen in Figure 4.32). Although the particle were
irregular in shape, they had increased in size from the core particles. To decide on the shell
amounts further, the obtained core-shell particles were sieved through the set o f 63 pm125 pm mesh sizes. It was found th a t there was still about 50 w t % o f the form ed particles
th a t passed through the sieves, implying th a t they were quite small than the desired PSD.
As a result, the shell m onomer amounts were further increased by 30 times in comparison
to the weight o f the core p(DVB) microparticles. The resulting core-shell microparticles
were then viewed under SEM, as seen in Figure 4.33
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Figure 4.33: A scanning electron micrograph o f the ToxiQuant polymer core-shell
microparticles (1:30) prepared by precipitation polymerisation (2.5 K X magnification).
The core-shell particles obtained by using 1:30 core particles:shell monomers were found to
be loose aggregates o f irregular shaped microparticulate clusters (as seen in Figure 4.33).
The shell m onomer amount was increased fu rth e r to 40 times by weight compared to the
core p(DVB) microparticles and the resulting core-shell particles were analysed by SEM, as
seen in Figure 4.34.
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Figure 4.34: A scanning electron micrograph o f the ToxiQuant polymer core-shell
microparticles (1:40) prepared by precipitation polymerisation (500 X magnification).
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The core-shell particles grew considerably large in size when the shell monomer
amount was increased further to 40 times by weight as compared to that o f core
particles- However, the resulting core-shell particles were still in the desired size
range between 63 pm to 125 pm (as seen in Figure 4.34). Microparticles were
tightly packed and also exhibited rough surfaces indicative o f their porous
character. Although some particles were spheroid shaped, oval shaped particles
were also observed. It was found tha t the size o f the core-shell particles was
dependent on the weight ratio between the core particles and the shell
monomers and the particle size was found to increase by increasing the amount
o f the shell monomers. However, the used protocol did not result into
homogenously spheroid microparticles containing formulation. The prepared
core-shell microparticles were then packed into SPE cartridges in identical
manner as other polymer formats to

carry out mycotoxin

recognition

performance studies on them. Once ail the polymer formats were prepared as
SPE stationary phases fo r mycotoxin clean up, they were sent to the
collaborators at the University o f Leicester to carry out further analysis on their
mycotoxin recognition performance.
4.5.6. Mycotoxin recognition analysis
Since the polymers under the presented study were to be used in ToxiQuant
technology, it was vital to analyse their AFT clean up efficiency from the food
matrix and then AFT recovery efficiency from its matrix. From the analysis
performed earlier on caffeine MIPs, it was evident that the physical properties o f
the polymers affected their analyte recognition performance. Therefore, having
mycotoxin clean-up and recovery performance o f ToxiQuant polymers was
expected to

reflect their physical characteristics obtained from

analysis

performed earlier in Section 4.5. For mycotoxin clean-up and recovery on the
prepared polymers, they were packed as stationary phases in SPE cartridges in
triplicates. Supermarket bought peanuts were crushed and the ir 15 vol % and 30
vol

% methanolic

extracts

were

prepared

with

having

different

AFT

concentrations spiked in them (as explained in Section 4.4). Prepared extracts
were then passed through the SPE cartridges and analysis was plotted in Figure
4.35.
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Figure 4.35: AFT clean up efficiencies o f the ToxiQaunt M W polymers (5 w t % DEAEM: 95 w t %
EGDMA) prepared w ith different MW powers (5 W to 150 W), blue and red bars representing
AFT clean up obtained from 15 vol % and 30 vol % methanolic peanut extracts respectively;
standard deviations were derived from the triplicate measurements o f each sample.
As seen in Figure 4.35, it was found th a t the clean up efficiency o f the polymers decreased as
the ir polymerisation rates were increased from 5 W to 150 W. Lower M W powers (5 W and 50
W) produced polymers that exhibited significantly higher (more than 20 %) AFT clean up
efficiency as compared to those prepared by faster polymerisations (100 W and 150 W). In
general, all ToxiQuant M W polymers (prepared by different MW powers) showed m inim um 50
% AFT clean up efficiency from 30 % peanut extract (as seen in Figure 4.35).
Clean up efficiency o f polymers prepared w ith slower MW heating (5 W and 50 W) increased
by more than 15 % when the concentration o f the food matrix was increased from 15 % to 30
%. In general, these tw o

polymers showed higher clean up efficiency fo r both the

concentrations o f peanut extract. On the other hand, polymers prepared w ith faster MW
heating (100 W and 150 W) showed higher clean up efficiency from diluted AFT samples (15 %
peanut extract) which reduced by about 10 % when AFT was extracted from a more
concentrated the peanut matrix (30 %). This suggested th a t the polymers prepared w ith faster
M W heating saturated upon increasing the concentration o f food matrix from 15 % to 30 % (as
seen in Figure 4.35).
The m onomer recipe was then changed to 20 w t % DEAEM: 80 % EGDAM and was polymerised
by using MW heating achieved by varying powers from 5 W to 150 W. The resulting MW
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polymers were tested identically fo r the AFT clean-up efficiencies from 15 % and 30 % peanut
extracts and the obtained results were plotted as shown in Figure 4.36.
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Figure 4.36: AFT clean up efficiencies o f the ToxiQaunt MW polymers (20 w t % DEAEM: 80 w t
% EGDMA) prepared w ith different MW powers, blue and red bars representing AFT clean up
from 15 vol % and 30 vol % methanolic peanut extracts respectively; standard deviations were
derived from the triplicate measurements of each sample.
Clean up efficiencies o f the MW polymers were found to slightly decrease when the heating
rate (MW power) used fo r th e ir polymerisation was increased from 5 W to 150 W. M W power
o f 5 W produced the polymers w ith the highest AFT clean efficiency (about 53 %) which was
gradually decreased by aboout 10 units when the analysis was carried out on quickly heated
MW polymers. The clean up efficiency o f the ToxiQuant polymers was found to be slightly
affected

by th e ir

monomer

composition;

it

slightly

decreased

upon

changing

the

monomer:cross-linker composition (from 5:85 to 20:80) (as seen in Figures 4.35 and 4.36). All
20 w t % DEAEM polymers (as seen in Figure 4.36) showed slightly higher clean up efficiency
from a diluted samples (15 % peanut extract) which slightly decreased when the food m atrix
was concentrated (30 % peanut extract).
There were few striking outcomes from the AFT clean up analysis where three different
parameters (MW power, monomer composition and concentration o f the peanut extract)
were found to affect each other as well as reflect onto the clean-up efficiency o f the resulting
ToxiQuant MW polymers. One o f these observations suggested that the clean up efficiencies o f
the polymers prepared w ith slower MW heating were influenced by th e ir preparation
condition (MW power); slow MW heatings produced polymers that showed higher clean up
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efficiencies. Another observation was made that the monomer ratio o f 5 w t % DEAEM: 95 w t %
EGDMA showed the higher AFT clean-up efficiency than the 20 w t % EGDMA polymers
regardless o f their preparation conditions (MW powers used).
The obtained results also indicated that the low power (5 W) produced polymers which
showed the highest clean-up efficiency regardless o f their monomer composition or the
concetrations o f the sample introduced. However, the clean up efficiency o f the polymers
decreased when the MW power used fo r their preparation was increased from 5 W to 150 W.
In this way, the clean up efficiency was found to be affected by both the monomer
composition o f the polymer as well as the heating rate used fo r the the polymer preparation.
Particularly, the monomer composition (5 w t % DEAEM: 95 w t % EGDAM) showed about 20 %
higher clean up efficiency from the concentrated peanut extract (30 %).
It was hypothesised that the polymer with higher amount o f the functional monomers (20 w t
% DEAEM polymers) would selectively bind AFT and not other food components. In other
words, these polymers would be expected to show higher AFT clean up efficiency by not
binding other components o f the food matrix. The proposed hypothesis was tested against the
obtained results which suggested that the 20 w t % EGDMA polymers showed slightly lowered
AFT clean up efficiency than the 5 w t % EGDMA polymers. This might have arisen due to nonselective binding o f some interfering food components alongside AFT which could result into
their lowered AFT clean up efficiencies than expected.
To understand these findings better, the results obtained fom the AFT clean up efficiency
analysis o f the polymers were correlated with those obtained from their DSC and porosimetry
analysis and were plotted as shown in Figure 4.37.
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Figure 4.37: Comparative analysis o f AFT clean up efficiency from 30 % peanut extract surface
area and cross-linking degree o f ToxiQuant polymer (5 w t % DEAEM: 95 w t % EGDMA);
standard deviations were derived by triplicate measurements.
When MW polymers w ith the monomer composition (5 w t % DEAEM: 95 % EGDMA) were
polymerised w ith slower heating (5 W and 50 W), they showed considerably higher AFT clean
up efficiency. It was found th a t these polymers showed about 80 % AFT clean-up efficiency.
However, when the polymerisations were carried out at faster rates (with 100 W and 150 W),
the resulting polymers exhibited about 30 % less clean-up efficiency. However, it was quite
interesting to note th a t although the surface area o f the polymer (20 w t % DEAEM: 80 w t %
EGDMA) was significantly larger, it did not show any significant im provem ent in its AFT clean
up effieciency (as seen in Figures 4.19 and 4.36). When these observations were correlated
w ith th a t obtained from other physical analysis performed earlier, it suggested th a t the lower
MW power (5 W) produced the polymers w ith larger surface area, higher cross-linking degree
as well as higher pore volume which indicated th a t inspite o f having larger surface area, higher
cross-linking degree could obstruct binding o f other food components which might lead to
improved AFT clean-up efficiency (as seen in Figures 4.8, 4.10, 4.13, 4.15, 4.17 and 4.35). This
pointed at the hypothesis proposed earlier th a t sometimes having larger surface area might
not be an enough pre-requisite fo r an improved analyte recognition performance, but its
degree o f cross-linking should also to be taken into consideration (as discussed earlier in
Section 3.4.6). Since the cross-linking degree of a polymer would be crucial in holding the
binding sites intact whilst conducting analyte binding and removal, it could have larger
implications on the performance o f the polymer than just its surface area available fo r analyte
binding. Here, the MW ToxiQuant polymers (20 % DEAEM: 80 w t % EGDMA) showed lower
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cross-linking degrees which might have resulted into th e ir lower AFT clean-up efficiency inspite
o f having significantly larger surface area (as seen in Figure 4.11 and 4.19). On the other hand,
the polymers (5 w t % DEAEM: 95 w t % EGDMA) exhibited higher cross-linking degree which
might have resulted into considerably higher AFT clean up efficiency inspite o f having lower
surface area.
The follow ing step o f the SPE protocol was to recover the previously immobilised AFT from the
packed polymer stationary phases. AFT recovery studies were performed in identical manner
on different MW ToxiQuant polymers w ith different monomer compositions and different
preparation conditions (MW powers used fo r their polymerisations) and the obtained results
were plotted, as seen in Figures 4.38 and 4.39.
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Figure 4.38: Recovery of AFT from the ToxiQaunt M W polymers (5 w t % DEAEM: 95 w t %
EGDMA) prepared w ith different MW powers, blue and red bars representing AFT clean up
from 15 vol % and 30 vol % methanolic peanut extracts respectively; standard deviations were
derived from the triplicate measurements o f each sample.
Figure 4.38 indicated th a t the recovery o f AFT from the M W polymers (5 w t % DEAEM) was
considerably low (7 % to 10 %) regardless the concentration o f the peanut extract introduced.
The polymerisation rate (MW power) used fo r polymer preparation did not seem to
significantly affect the AFT recovery performance o f the resulting polymers. This also implied
th a t considerably low recoveries o f AFT could arise from strong interactions between the
immobilised AFT and the polymer. The study was also performed on different MW ToxiQuant
polymers w ith a different monomer composition (20 w t % DEAEM: 80 w t % EGDMA) th a t were
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prepared using different MW powers (5 W to 150 W). The obtained results were plotted as
shown in Figure 4.39.

50
40

■ 15 % extract
■ 30 % extract

| 30
o
u
<L)

^ 20
10
0
5

50
100
MW power applied (W)

150

Figure 4.39: Recovery o f AFT from the ToxiQaunt MW polymers (20 w t % DEAEM: 80 w t %
EGDMA) prepared w ith different MW powers, Blue and

red bars representing AFT clean up

from 15 vol % and 30 vol % methanolic peanut matrix extracts respectively; standard
deviations were derived from the triplicate measurements o f each sample.
AFT recovery efficiency o f the MW polymers (20 w t % DEAEM: 80 w t % EGDMA) were found to
be dependent on th e ir experimental condition, the rate o f MW heating used to cure them .
Slower MW heating produced polymers w ith lower AFT recovery efficiency (5 %); whereas
faster MW polymerisations generated polymers w ith considerably higher AFT recovery
efficiency (between 28 % to 48 %) (as seen in Figure 4.39). The obtained results also suggested
th a t the recovery efficiencies o f the 20 w t % DEAEM ToxiQuant polymers were considerably
higher than 5 w t % DEAEM polymer (please refer to Figure 4.38).
Few striking observations were made from AFT recovery performance analysis o f the MW
polymers under study. The AFT recoveries obtained by the polymers w ith higher cross-linker
amount (95 w t %) were generally low regardless o f different heating rates (MW powers) used
fo r the ir polymerisations (as seen in Figure 4.38). It was found th a t inspite o f showing the
highest AFT clean-up from the food matrix, these polymers showed lower recoveries of
immobilised AFT (as seen in Figures 4.38 and 4.39). This implied th a t these polymers
performed better in removing other interfering food compounds from the m atrix but could not
sufficiently remove bound AFT from their surface.
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On the other hand, the ToxiQuant MW polymers with comparatively lower am ount o f the
cross-linker (80 w t %) showed considerably higher AFT recovery efficiencies and they were
largely affected by the polymerisation rates (MW powers) used fo r th e ir preparation. The toxin
recovery increased gradually when the polymerisation rates (MW powers) were increased
from 5 W to 150 W (as seen in Figure 4.39). To understand this further, the results obtained
earlier from th e ir BET anaysis were correlated w ith these findings since the pore size and the
to ta l number o f pores would be crucial in defining the AFT removal kinetics from the polymer.
Upon correlating the findings, it was found th a t these polymers exhibited larger pore volumes
and larger pore volumes than the form ulation w ith 95 w t % cross-linker (as seen in Figures
4.17 and 4.18). This implied th a t the large number o f bigger pores in polymers (w ith 20 w t %
cross-linker) could be useful in successful removal of previously immobilised AFT in their
matrix. However, this finding would need fu rth e r investigation as the analyte binding and
removal efficiency o f a polymer would also be partly affected by the SPE protocol in use, such
as the type, volume and concentration o f the solvents used in sample loading and washing
steps.

4.6. Summary
The aim o f this study was to prepare cross-linked polymers as alternative recognition materials
to be used in ToxiQuant technology fo r mycotoxin analysis. The presented study discussed the
scope o f im provem ent in ToxiQuant technology by replacing antibodies w ith cross-linked
polymers as recognition materials. One o f the main objectives o f the study was also to prepare
cross-linked polymers in different form ats by using different methods. To this end, polymers
were

prepared

as monoliths and

microparticles

by different

methods varying their

experimental conditions. Similar to Chapter 3, the primary method o f preparation was MW
polymerisation as an alternative method to generate polymers w ith faster and automated
preparation protocols fo r industrial applications. As an extension to the study reported on
caffeine MW MIPs, here the effect o f different M W powers (polymerisation rates) and their
possible

effects

on the

physicochemical

properties o f the

resulting

polymers

were

investigated.
The controlled heating rates achieved w ith MW reactor allowed investigating the effect of
different heating rates on the physical properties and performance o f the polymers which has
not been reported in any existing study. From the results obtained by studying caffeine MW
MIPs, the MW powers and other parameters were chosen such that the analysis o f both the
caffeine MIPs and ToxiQuant MW polymers were comparable. The obtained results suggested
th a t the physical properties o f the ToxiQuant MW polymers (such as, cross-linking degree,
therm al stability, surface area, pore volumes, pore size and morphology) were considerably
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affected by the polymerisation rates (MW powers) used fo r their preparation. The trends
observed in the mentioned properties were in also strong agreement w ith the results obtained
earlier from the study o f caffeine MW MIPs in Chapter 3.
Furthermore, the study established th a t the trend observed in the physical properties o f the
polymers was extended

to

th e ir

mycotoxin

recognition

performance

too.

The

pre

polymerisation recipe was changed half-way through as a part o f optim isation protocol. This
gave an opportunity to also study the effect of the composition of pre-polymerisation mixture
on the physicochemical properties o f the resulting polymers. The polymers were prepared
w ith different monomer: cross-linker ratios by using similar range o f polymerisation rates (MW
powers) and analysed fo r different physicochemical properties. This indicated th a t the
composition o f pre-polymerisation mixture was less influential on the physicochemical
properties o f the polymers than the experimental parameters used fo r its preparation.
However, this gave some insightful findings which were in agreement w ith th a t o f the caffeine
MW MIPs as well. For example, the performed studies (both caffeine MW MIPs and ToxiQuant
MW polymers) collectively found th a t the change in the composition o f the m onom er mixture
did not affect the size o f the pores created in the resulting polymers; the pore sizes were
mainly affected by the polymerisation rates (MW powers) used fo r th e ir preparation. Although
the physical properties o f the resulting polymers were largely unaffected by the change in its
monomer composition, it led to considerable differences in the AFT clean-up and AFT recovery
performances o f the resulting polymers. In general, the developed polymers could obtain
comparable AFT clean-up efficiency; however the obtained AFT recoveries in the subsequent
steps were considerably low to th a t o f existing recognition materials used in ToxiQuant.
The study also reported preparation o f polymer microparticles by suspension and core-shell
polymerisations. Preparation o f the suspension microparticles involved the study and
optim isation o f m ultiple experimental parameters and reaction components involved in its
preparation. Electron microscopy studies indicated that the obtained suspension polymers
were

spherical,

porous

and

w ithin

the

desired

particle

size distribution.

Core-shell

microparticles were also prepared by a protocol earlier reported and the resulting particles
were analysed by electron microscopy. This suggested that the preparation o f core-shell
polymer microparticles needed furthe r investigation by using other protocols since the
resulting polymer particles did not have the desired physical properties.
The results obtained strongly recommended th a t MW polymerisation could be investigated
furth e r as a suitable alternative polymerisation technique to develop non-im printed or
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molecularly imprinted polymers with added advantages o f controlled polymerisations, faster
reactions and reproducibility.
4.7. Future work
Further investigations would be devoted to understanding more monomer:cross-linker ratios
as well as different type of cross-linkers in preparing polymers fo r ToxiQuant. Alongside
developing monoliths by MW polymerisation, other techniques would be explored throroughly
in future studies. The team of researchers at Toximet would like to analyse the suspension and
core-shell polymers prepared during this study fo r their AFT and OT clean up and recovery
performances. This would give a coherent analysis o f all different polymer formats prepared by
different methods as reported in this study. During the study, they would also be using
ToxiQuant technique alongside HPLC since the ToxiQuant prototype has been successfully
launched in the market.
For the development of more ToxiQuant polymers, alternative methods have already been
looked at to improve exisiting core-shell format since thin polymer shell in this form at could be
useful in improving the problems associated with AFT binding and removal kinetics currently
being faced in AFT clean up and recovery performance o f the polymers. Some preliminary
research has already been performed to develop core-shell polymers by using iniferters to
address inconsistent shell polymerisation being faced by the current approach based on
precipitation polymerisation. It would be investigated further in developing core-shell
polymers for ToxiQuant technology.
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5.1 Preface
This chapter forms one o f the case study undertaken during my PhD research which is based
on the development o f polymeric materials fo r the recognition o f oligonucleotides. Here,
production and characterisation o f hybrid oligonucleotide-polymer nanoparticles (OligoMIP
NPs) has been introduced by combining the techniques o f molecular imprinting and solid
phase oligonucleotide synthesis.
The obtained results from the analysis o f the prepared OligoMIP NPs suggest that they can
selectively recognise the template oligonucleotide, and that the unique strategy o f
incorporating complementary oligonucleotide strand as "selective monomers" improves their
template recognition performance even further without affecting their shape and particle size
distribution. Incorporation of oligonucleotides in the polymer matrix achieved in this way is
also found to improve the electrochemical stability and dispersibility o f the resulting OligoMIP
NPs.
Template recognition performance analysis o f different OligoMIP NPs suggests that the unique
strategy of incorporating oligonucleotides into MIP NPs through their multiple chemical
modifications is found to be better than their single point modification. Single chemical
modification obtained through the chain ends o f the oligonucleotide does not "lock" it in its
favourable (template selective) conformation within the polymer backbone which is reflected
in its compromised template recognition performance too. The obtained results also indicate
that single chemical modification used for incorporating oligonucleotide in the MIP NPs fails to
improve template recognition any further than that achieved with PlainMIP NPs (MIP NPs
prepared by imprinting the template without the incorporation o f oligonucleotide as an
additional monomer).
The chapter begins with the literature review discussing the natural base pairing in DNA and
their chemical modifications used for the development of bio-sensing platforms. This is
followed by discussion on possibility of improving the DNA recognition even further by
combining it with the technique o f molecular imprinting via proposed strategy o f developing
OligoMIP NPs. The next section of the chapter gives detailed information on the materials and
methods used for the preparation and analysis o f the prepared OligoMIP NPs. This is then
followed by the discussion o f the obtained results with a summary and future outlook on the
current work.
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5.2 Introduction
Selective molecular interactions are greatly im portant fo r several biochemical events occurring
w ithin complex biological systems, such as, proteins and nucleic acids (1). As discussed earlier
in Section 2.2, the interaction occurring between an antigen and an antibody is a paradigm of
such selective interactions. For decades, antibodies have remarkably dominated the research
domain in developing various systems fo r diagnosis, bio-sensing and selective drug delivery
applications. However, they suffer from compromised stability, shorter shelf-life and high cost
of preparation which has led to growing interest o f researchers in developing suitable
alternatives (2).
Some o f these earlier efforts have resulted in the development o f engineered binding proteins
(EGB) which

consist

o f selectively

bioengineered

polypeptide

sequences th a t

show

comparative recognition performance to that o f an antibody. However, the cost o f their
production is tow ering as well as the selection process o f a suitable polypeptide is laborious.
Not to mention, the ir compromised stability is a major drawback in developing bio sensing
platforms (1,3,4).
M ore recently, aptamers have been widely investigated as alternative affinity tools which are
single stranded non-biological oligonucleotide sequences (average molecular w eight 8-12 kDa;
20-100 residues o f either DNA or RNA). It has already been established th a t aptamers show
selective molecular recognition by form ing target specific three-dimensional shapes in
biological conditions and can be generated in vitro fo r a wide range o f molecules, such as
drugs, proteins and even cells (5). To do so, a large number o f combinatorial libraries o f short
to mid length aptamers are generated in vitro followed by th e ir stringent selection fo r about 520 cycles in presence o f the target molecule. The most suitable aptamer sequences are chosen
at the end o f selection cycles and are amplified further by PCR (Polymerase Chain Reaction).
This entire process is referred to as SELEX (Systematic Evolution o f the Ligands by Exponential
enrichment). W hilst preparing RNA aptamers, single oligonucleotide strands are obtained
during the transcription (synthesis o f RNA from DNA) by using recombinant T7 RNA
polymerase enzyme; whereas DNA single strands are simply separated at higher tem perature
(6-8). In contrast to antibodies, aptamers are generated in vitro and do not involve activation
o f an immune system of animals. Therefore, they can be prepared against the targets th a t are
non-immunogenic as well. Aptamers can also be used at a wide range o f pH and temperatures,
can be fluorinated, immobilised and regenerated after th e ir use which makes them ideal fo r
immunoassay or biosensor applications in comparison to natural antibodies. Table 5.1
summarises the characteristics o f aptamers and antibodies.
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Table 5.1: Comparison between natural antibodies and aptamers; regenerated from (9,10).
Antibodies

Aptamers

Produced in vivo in animals

Produced by SELEX; produced in vitro and do
not require use o f animals

Denatures permanently upon their exposure

Reusable even after exposing to temperatures

to temperatures o f greater than 30 °C

o f up to 95 °C

Limited only to the targets that produce an

Can be prepared against any target including

immunogenic response

those that do not produce an immunogenic
response

Production often leads to batch to batch

Smaller in size and can be prepared in

variability depending on its host producing

laboratory with minimal batch variability

them
Labelling may result into loss o f affinity

Can be labelled w ithout the loss o f its affinity
towards the target

Since 1980s, the potential to inhibit proteins that cause cancer has been at the forefront in
developing anti-cancer treatments. It has been realised that either modification or inhibition of
the expression o f the gene encoding fo r such proteins could be vital in developing effective
therapeutic and diagnostic platforms for treating life threatening illnesses (11). Some o f the
earlier studies have already identified genetic biomarkers involved with the pathophysiology
and treatment of severe diseases, such as, Alzheimer's and Cancer (12-14). In this regard,
nucleosides and oligonucleotides are important class o f biomolecules which are not only the
building blocks of our genome but also selectively participate in energy distribution in their
phosphate forms as well as regulate a wide variety o f biological processes as secondary
messengers (such as, cAMP- Cyclic Adenosine Monophosphate) in cells (15,16). Like proteins,
the ability of DNA and RNA to carry all the information is due to their selective molecular
recognition properties, which have drawn researchers' attention in developing DNA-based
microarrays as diagnostic platforms (17). Additionally, they are relatively stable as compared
to biological antibodies in a wide range o f temperature and pH conditions too (3,18-21).
However, despite their benefits there is a natural vulnerability of the genetic materials
towards enzymatic degradation in biological samples.
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5.2.1. The concept of hybrid DNA
Although natural oligonucleotides or aptamers appear to be reasonable alternatives to
antibodies, th e ir long term use is debatable as their industrial production is quite laborious and
expensive. Not to forget, they are also highly susceptible to the nuclease enzyme when used
fo r analysing biological samples (6). In attem pts to resolve this, some studies have reported
tha t suitable chemical modifications o f natural DNA can improve their therm al and enzymatic
stability (22-25).
Chemical modifications also provide suitable derivatisation fo r attaching other molecules such
as, drugs (26,27), dyes (28) polymers and even nanoparticles fo r various therapeutic and
diagnostic applications (24,29,30). Such chemical modifications are achieved by modifying
three key elements present in the structure of the nucleotides which are th e ir nitrogen bases,
triose sugars (ribose or deoxyribose) and phosphates as shown in Figure 5.1.
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Figure 5.1: Molecular structure o f DNA; encircled parts are the sites of chemical m odification.
More commonly found oligonucleotide modifications are through its 3' or 5'-phosphates by
introducing phosphoramidite derivatives since these are the main sites fo r nuclease attack and
th eir

chemical

modifications

are

also

more
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oligonucleotides

are commercially available, such

as the

Acrydite™

derivatives. This

modification in particular is more popular fo r immobilising the first nucleotide on the solid
phase

fo r

subsequent

addition

of

other

nucleotides

whilst

preparing

a

synthetic

oligonucleotide sequence using solid phase chemistry. The phosphoramidite derivatives are
achieved by esterification o f the phosphates o f the oligonucleotide chains as shown in Figure
5.2 (31).

Modification s

Modification

uNH-PG
3.6,12

Figure 5.2: Modifications o f 5' end o f nucleotides in automated solid phase oligonucleotide
synthesis; (a) Substitution o f 5'- phosphate, (b) complete replacement o f 5' phosphate, (c)
solid phase DNA synthesis on controlled porous glass beads (CPG) through m odified 5'
phosphates, (d) examples o f some spacers used commercially fo r the modifications o f 3' and 5'
phosphates o f a nucleotide (R); PG = protecting group used on some spacers during solid phase
synthesis; adapted from (24).
Figure 5.2 explains tha t the immobilisation o f nucleotides to CPG can be achieved by m odifying
the 5' end o f the oligonucleotides in tw o ways; either by 5'-phophorylation carried out w ith
the aid o f fJ-cyanoethyl phosphoramidite or by complete replacement o f the 5'- OH o f the
ribose by introducing -NH2, -CHO or -COO groups to form amide and ester derivatives o f the
prim er prior to oligonucleotide chain elongation. Synthesis o f oligonucleotide sequence can be
carried out in the direction o f 5' to 3', like that o f the biosynthesis o f DNA. However, the -OH
group on the 3' position o f the ribose at the 3' end o f nucleotide is less reactive as compared
to the 5'- OH group on the 5' end of oligonucleotide sequence. Therefore, laboratory based
oligonucleotide

synthesis is preferred

in 3' to

5' direction

for which

plenty

o f 3'

phosphoramidite modified DNA sequences are commercially available at economic rate (24).
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Among all the modifications, phosphoramidite modifications are the most widely preferred
since Acrydite™ modified oligonucleotide sequence can easily co-polymerise with free acrylic
acid monomers by forming polyacrylamide. Alternatively, they can also bind to polymer
surfaces or stationary phase via different covalent linkages which can be exploited for various
biochemical applications.
Another potential site o f DNA modification is via modifying the terminal ribose moiety on the
3' end. Such modifications have been mainly studied for the development o f anti-sense DNA to
treat genetic illnesses, such as muscular dystrophies. Here, the synthesised anti-sense DNA
binds to the mRNA synthesised by the disease causing gene and prevents expression o f the
proteins (32,33). It has also been found that the modification o f the 2' position o f the ribose or
deoxyribose on the 3' end o f oligonucleotides increases its binding to the plasma protein and
thereby shows improved bioavailability (34). Figure 5.3 explains commonly used base
modifications on the 3' end o f an oligonucleotide chain.

Figure 5.3: Modifications o f 3' end nucleotides in automated solid phase oligonucleotide
synthesis; (a) monothiophosphate modification, (b) 4'- NH2 introduction (c) 3'- NH2 modified
DNA; adapted from (24).
Figure 5.3 suggests that the 3' end modifications o f the DNA sequences are carried out by
introducing thiophosphate or -NH 2 groups fo r immobilising the chain to the -OH
functionalised CPG by forming an amide linkage (as seen in Figures 5.3a and 5.3c).
Alternatively, 3'-NH2 modified oligonucleotide strands can be prepared and post functionalised
with anthracene after being cleaved from the solid phase in post synthetic stage. However, the
simplest way o f immobilising the nucleoside or DNA sequence is by functionalization o f the
solid phase with commercially available -NH2, -COO and -SH modifiers followed by the addition
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o f the DNA chain. Chemical modifications o f multiple sites is another approach useful fo r post
synthetic functionalization o f a pre-formed DNA, for example, introduction o f-N H 2 derivative
on the 4' position o f the 3' ribose could be post-functionalised via form ation of imine, as
shown in Figure 5.3b (35).
Another site fo r chemical m odification o f the DNA is via its purine and pyrimidine nitrogen
bases. Such chemical m odifications are carried out by different means depending on the
intended application o f the resulting oligonucleotide sequence. Earlier studies have reported
th a t the 2'-OH position o f pyrimidine bases is usually substituted w ith -F and -N H 2 groups and
resulting m odified nitrogen bases are used fo r the treatm ent o f myasthenia gravis; whereas
th e ir 2'-OH and 2'-OCH3 substitutions have been successful in improving activity o f vascular
endothelial growth factor fo r sufficient vasculogenesis in circulatory system (5).
Chemical modification of the nitrogen bases has also been o f interest to our research group fo r
its integration into polymers. In recent studies reported by our research group, vinyl and allyl
derivatisation o f the C-5 deoxyuridine (d ll) have been tried; however such modifications have
failed to incorporate into the polymers in sufficient amounts. Hydrophobicity added to the
DNA chain from such groups may be detrim ental to its potential in vivo applications too.
Bearing this in mind, methyl acrylate substitutions have also been carried out on the C-5 o f dU
which has improved incorporation (up to 50 %) o f d ll into polymers under study (36). It would
be im portant to m ention that ester substituted nitrogen bases in general are expected to show
better incorporation into polymers prepared by free radical polymerisation. This is because its
electrophilic property which allows it to form free radicals needed fo r its incorporation into
polymers w itho ut affecting its hydrogen bonding w ith the complimentary nitrogen base.
Chemical modification o f the nucleotides also includes complete replacement o f the purine
and pyrimidine base pairs w ith the aromatic planar compounds to form a compact stack of
fluorescently labelled base pairs. These modifications are ideal fo r preparing fluorescent DNA
markers due to considerable fluorescence quenching in a compact DNA structure (37). Some
studies have also reported preparation o f size and shape selective base pairing between
modified nitrogen bases th a t can selectively interact via hydrogen, hydrophobic or polar
interactions w itho ut affecting th e ir natural base pair matching (11,37). Artificial nitrogen bases
can also be useful in chelating metals such as copper and iron between tw o antiparallel DNA
strands. Although such an arrangement can change the bonding between the nitrogen bases, it
offers a great advantage of stocking metals into the DNA structure which may be useful in the
transfer of energy through the molecule like those used in nanowires (24). M odification o f the
nitrogen bases is also carried out via "click" chemistry which is a single step m odification of
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bases fo r their fluorescence labelling and can also be used in conjunction with solid phase
synthesis for sequential labelling (38,39)- Figure 5.4 explains chemical modifications o f the
nitrogen bases via click chemistry.

( Nucleoside]——

( N u c le o s id e )- ^

Non Fluorescent

^

N

Fluorescent

(b)
Figure 5.4: Synthesis o f triazole oligonucleotide sequences via click chemistry, (a) Click
chemistry led fluorescent tagging o f a nucleoside, (b) Mechanism o f sequential labelling
between alkyne and azide containing oligonucleotide chains via formation of triazoles; adapted
from (40).
Figure 5.4a shows that an azide or alkyne functionalised nucleosides can be used in a Cu
catalysed click reaction. This particular type o f click chemistry is a cyclo-addition reaction that
results into formation of triazides for fluorescent tagging o f the primers. The same reaction
can also be carried out between alkyne and azide labelled oligonucleotides for their
incorporation into polymers, as shown in Figure 5.4b (40). Although this method is simple, the
use o f high amounts o f metal catalyst such as copper may be toxic fo r its long term in vivo
applications. In this regard, modification o f nitrogen bases can be carried out by other
techniques, such as, MW (microwave) irradiation. Such modifications can be solvent free and
are also devoid of any toxic metals as compared to those used in click chemistry. Additionally,
these modifications also benefit from extremely quick MW heating producing solvent free
products well under five minutes (41).
In agreement to this, one o f our recent studies has also pointed out at the usefulness o f MW
heating for modifying nitrogen bases in comparison to conventional heating. The obtained
results suggest that the esterification of nitrogen base can be achieved with the yield o f about
45 % in fewer than five minutes with the aid o f a MW reactor. The study also reports that
although 3' or 5' phosphoramidite modifications are useful fo r immobilising the nucleoside,
they may not be sufficient in holding it intact for its integration into their carriers, such as, a
polymer matrix. From the results obtained, it seems that the chemical modifications o f the
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nitrogen bases along w ith th e ir phosphoramidite modifications are crucial in improving
recognition of its complimentary nucleosides (36). Since the objective o f this study is to
develop polymer carriers fo r chemically modified DNA, the following sections o f this literature
review w ill discuss different polymers being used fo r the incorporation o f DNA.

5.2.2. DNA- polymer systems
In past few decades, the use solid phase DNA synthesis has achieved tremendous popularity
among biologists as it is an automated and incredibly convenient way o f preparing and
analysing

ta ilo r made oligonucleotide sequences as compared to expensive and laborious

diagnostic tools generally used, such as, liquid chromatographic techniques (42,43).
However, targeted in vitro or in vivo delivery o f the DNA has always relied on different
polymeric and nanoparticular backbones, such as dendrimers, hydrogels and polym er coated
gold or iron oxide nanoparticles. These carrier systems are vital fo r efficient delivery o f the
gene fo r desired applications, thanks to th e ir ability to form nanoparticles w ith stealth
characters towards the RES (Reticulo Endothelial System) (22,26-28,42).
To this end, various cationic polymers, such as, PLA [poly(L-lysine)], chitosan, PLGA
[(poly(lactide-co-glycolide)] and PEI [poly(ethylene imine)] have been widely used for
incorporating DNA fo r biological applications. Such cationic polymers electrostatically bind
w ith anionic oligonucleotides and condense them into nano-sized vesicles. However, bio
incom patibility o f some polymers, such as, PEI could cause cell necrosis and apoptosis upon
th e ir internalisation into cells. Not to forget, even biocompatible polymers, such as, chitosan
could still be prone to degradation by nuclease in biological samples in loosely aggregated
DNA-polymer vesicles. Sometimes, the products from polymer hydrolysis may also generate
acidic pH which eventually denatures entrapped DNA before its delivery to the site (44). M ore
advanced polymeric systems such as dendrimers have been investigated fo r incorporating DNA
chains fo r targeted bio-chemical applications; however th e ir design, optim isation and synthesis
are quite laborious and the ir long term in vivo use is cytotoxic.
Poly amino esters have found to be useful in incorporating and transfecting DNA fo r numerous

in vivo applications since they are not only cationic and biodegradable but can also be easily
modified from the sides w ith -N H 2 functionality to yield significantly improved DNA delivery in

vitro than th at o f PEIs (45,46). On the other hand, biodegradable anionic polymers, such as,
poly acrylic acid (PAA) and th eir ester derivatives are also widely used fo r oligonucleotide
incorporation w ith the aid o f a covalent coupling agent, such as EDC (l-ethyl-3-(3-
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dimethyiaminopropyl carbodiimide) to form an amide linkage between the acids and amino
terminated DNA (as shown in Figure 5.5) (31).

HOOC
HN

ssDNA

Figure 5.5: DNA conjugated poly acrylic acid through EDC coupling agent; adapted from (47).
Readily available -COOH groups on the surface of PAA can be easily reacted with not just the
DNA but also a wide range o f drug molecules and other biomolecules containing -N H 2 or -OH
functionalities. However, its hydrophobicity is a major drawback for their potential in vivo
applications (48). But their use in combination with hydrophilic polyacrylamide (PAAm)
overcomes this limitation and offers a great promise in developing bio-chemical sensors that
are responsive in different temperatures, pH, light and concentrations o f the target analytes
(29,49-52).
PAAm are stimuli responsive polymer networks that form hydrogel nanoparticles. These
polymers predominately exhibit temperature responsive reversible volume transition above
their upper critical solution temperature (UCST), temperature beyond which the polymer
becomes miscible fo r all compositions (53). This suggests that when PAA/ PAAm hydrogel NPs
are kept at the temperatures above their UCST, the hydrogen bonds existing within their
hydrophilic chains weaken and swells the NPs. Likewise, when their temperature is decreased
below their UCST, the hydrogen bonds re-establish and keep the NPs in a shrunken state (54).
Incorporation o f DNA into thermo responsive PAA/PAAm hydrogels provides smart materials
where DNA can be a functional monomer or cross-linker o f the hydrogel formulation to
provide a DNA capture-release switch or analyte recognition tools. Incorporation o f DNA into
polymers also protects it from enzymatic degradation by nuclease. Moreover, selective
recognition provided by oligonucleotides means that they can also be used as solid phase
immobilised recognition element in immunoassays as a direct replacement of the antibodies
(55). Figure 5.6 presents the schematics for DNA incorporation into PAAm hydrogels.
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Figure 5.6: incorporation o f DNA into PAAm hydrogels; (a) Co-polymerisation o f Acrydite™
modified DNA with acrylamide monomers to form DNA immobilised PAAm hydrogel and (b)
Temperature responsive swelling o f oligonucleotide immobilised PAAm hydrogel NPs
producing a recognition signal; adapted from (56).
Figure 5.6a explains that the -N H 2 functionalised DNA can be covalently bound to the
acrylamide monomers and co-polymerise to form PAAm based hydrogels. Since hydrogels are
thermo responsive, an increase in the temperature above its UCST results into swelling o f NPs
by breaking hydrogen bonds between their chains. This allows binding o f the target or the
complimentary DNA to the immobilised DNA in the PAAm matrix o f the NPs (as seen in Figure
5.6b).
Cross-linked nanogels not only provide protection to DNA against enzymatic degradation but
also hold the DNA chain in its favourable conformation in a densely cross-linked matrix which
ensures efficient target recognition. As discussed earlier in section 5.2.1, the most commonly
used DNA modification are its 3' or 5'-phosphoramidite (Acrydite™) derivatives. However, very
few o f these modifications have introduced suitable polymerisable moieties that might
transform the DNA into a more classical "monomer" capable o f undergoing radical
polymerisation processes without losing its primary recognition functions.
Recent studies conducted by our research group has found that chemical modifications
obtained on the nitrogen bases in addition to the phosphoramidite modifications o f an
aptamer sequence can significantly improve their target recognition performance.

The

obtained results suggest that the chemical modifications from multiple sites of a nucleoside
make them polymerisable and provide better integration into their polymer carriers. The study
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has also found improved enzymatic stability o f an aptamer chemically modified by the
proposed strategy into polymer NPs than a non-modified aptamer (57). From this, it can be
stated th a t the recognition performance of the DNA-polymer systems can be enhanced even
furth e r by im printing the target analyte into the polymer matrix; this can be achieved by the
technique o f molecular im printing. Section 5.2.3 discusses the usefulness o f MIPs in preparing
smart polymeric systems for improving DNA recognition.

5.2.3. MIPs for DNA recognition
MIPs represent an im portant class of recognition materials which provide much greater
flexibility o f design fo r small molecules to bio-macromolecules, such as, toxins, pollutants,
drugs, explosives, proteins and even bacterial cells (58-62). MIPs exhibit considerably longer
shelf-life, high resistance to different pH and temperatures and negligible cost o f preparation
as compared to th eir natural antibody counterparts (63).
Among all other MIP formats, MIP based NPs are regarded as the closest tailor-m ade materials
to th a t of natural biomolecules such as proteins or nucleic acids due to their comparable size,
dispersibility, selectivity fo r the target and spatial distribution o f the binding sites together
w ith improved robustness than th a t o f biomolecules (64). Their miniaturised form also
provides a large surface area to volume which enables improved tem plate binding and
removal kinetics (57).
Past decade has seen tremendous progress in the development o f MIP NPs fo r different
applications. These include the use o f MIP NPs as enzyme analogs (65), drug delivery (66,67),
antibody analogue in immunoassays (21) and even fo r in vivo diagnosis (61,68). In spite of
being depicted as antibody analogs, MIP NPs have suffered from the lack o f suitable methods
o f preparation fo r commercial or clinical applications.
Reported literature suggests that the MIP NPs have been prepared by several methods as
those used fo r the

preparation o f MIP micro particles, which

include,

precipitation

polymerisation, core-shell polymerisation, living radical polymerisations as well as mini and
micro emulsion polymerisation. Most of these methods include elaborate optim isation steps
using surfactants and other crucial experimental parameters such as the tem perature, rotation
speed and the volume o f the pre-polymerisation mixture. These parameters highly influence
the particle size distribution o f the resulting polymer and limits autom ation o f the
polymerisation process (64). Additionally, form ation o f the tem plate selective pores in a MIP
matrix can be crucial as the soluble tem plate usually undergoes conform ational changes during
the pore form ation process. This may result into varied orientation o f the tem plate and
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thereby form heterogeneous pores entrapping some o f the template molecules within the MIP
cross-links. These entrapped templates may also leach from the MIP matrix during analysis
which leading to false interpretation o f the template recognition performance of the MIPs
(63).
The strategy o f hierarchical templated MIP synthesis has helped in resolving the template
leaching issue since the template is not removed in the post-polymerisation step but the entire
imprinted polymer particle is detached from the stationary phase rendering the template to be
reusable fo r subsequent batches o f MIP preparation (69). One of the first attempts o f MIP
preparation with immobilised template has suggested that the recognition performance o f the
MIPs can be enhanced when the template was immobilised into polymer matrix as a
polymerisable unit (70). This finding is particularly useful since immobilisation of the template
also resulted into improvement of the template recognition even when the cross-linking
degree o f the polymer was quite low (less than 50 %). In another attempt, MIP preparation has
been carried out in the presence o f an immobilised template in the pores o f silica
microparticles. It has found that post polymerisation dissolution o f silica microparticles in
strong acids can destroy the template and silica microparticles forming MAA-E6 DMA based
MIPs NPs into its pores (71). However, this approach is not devoid o f the lack o f scalability
issues, commonly faced in other MIP related studies.
To address these issues, another study has been presented more recently fo r the preparation
o f MIP NPs using immobilised protein template in an automated reactor. The study has
combined the benefits of automated solid phase synthesis and the technique o f molecular
imprinting to produce polymer NPs with selective recognition o f the target.
Figure 5.7 shows schematics of the mode of operation o f the automated solid phase MIP NPs
synthesiser.
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Figure 5.7: Schematics o f the operational stages o f automated MIP NPs synthesiser, (a) Syringe
pumps fo r polymerisation mixture and elution solvents, (b) Packed solid phase w ith
immobilised tem plate w ith transparent water cooling jacket and transparent to UV irradiation,
(c) Internal heating to maintain column tem perature suitable fo r the polymerisation and (d)
Computer platform fo r the precise control o f flow rate, tem perature, irradiation tim e, washing
and product collection; adapted from (63).
This finding has grabbed much attention due to the ease, scalability and flexibility o f MIP NPs
preparation w ith improved protein recognition performance. Not to mention, unlike the
earlier methods it also regenerates the tem plate after each cycle of nanoparticle preparation
which is more economic fo r im printing biological molecules. This has marked the beginning o f
a new era in the development o f molecular im printing where prepared MIP NPs can be tru ly
dubbed as antibody analogs since they are water-soluble, biodegradable and miniaturised;
they can selectively bind the target molecules and can also be prepared on a large scale by
automated reactors.
Based on a similar approach, protein imprinted MIP NPs have also been successfully used as a
recognition element in an ELISA as a direct replacement o f biological antibodies (21). As
discussed earlier in Section 5.2, nucleosides and oligonucleotides also possess excellent
molecular recognition but with slightly improved stability than that o f natural antibodies. To
this end, a study has reported the development o f multilayer polymeric microparticles having
incorporated thym ine fo r the recognition o f its com plimentary nitrogen base, adenine. Here,
incorporation o f thym ine into the polymer matrix has been achieved by its photodimerisation.
This unique strategy of incorporating complim entary nitrogen base into the polym er m atrix
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has been found to enhance the tem plate recognition in tem plate rebinding analysis. However,
the adsorption capability o f the polymer towards different nitrogen bases is different which
implies that the proposed strategy may not be universally applicable to other nitrogen bases.
Besides, it does not support a strategy fo r the incorporation o f actual nucleosides or
oligonucleotides sequences w ith phosphate-sugar backbones. Although the results obtained in
the study are far away from readily applicable, it has opened up a new strategy o f exploiting
Watson-Crick's classic base pair interactions by utilising nitrogen bases as photopolymerisable
cross-linkers as well as tem plate-pairing monomers in preparing im printed polymers fo r
nucleoside recognition (72). Later on, some more studies have reported preparation o f MIP
monoliths and MIP membranes fo r im printing nucleosides. However, such m onolithic and
membrane polymers w ill obviously be exempted from any potential biological applications
(64,73,74).
Another recent study has reported development o f im printed nanogel having incorporated
aptamers fo r the detection o f its target virus. In this study, the aptamers are immobilised onto
PAAm based nanogel through its 5' phosphoramidite modifications which shows selective
rebinding o f previously im printed viral protein or whole virus by its therm o selective shrinking
or swelling property (75).
However, one o f the studies recently reported by our research group has proposed th a t the 3'
or 5' phosphoramidite m odifications carried out on the terminals o f oligonucleotides may not
provide sufficient improvem ent in its recognition performance since such modifications render
oligonucleotide chain more flexible and less integrated into the polymer matrix. Such flexibility
may potentially reduce the selective interaction o f aptamers w ith their target or may increase
cross-reactivity w ith other compounds. Not to mention, more flexible nucleosides or
oligonucleotides may be more prone to the enzymatic degradation too (as discussed earlier in
Section 5.2). On the other hand, chemical modification o f nucleosides or oligonucleotides from
m ultiple sites may help improve th eir integration into the polymer matrix and thereby improve
th e ir target recognition performance. Reported literature suggests th a t the scope o f MIP
technology has been little explored for the development of nucleoside or oligonucleotide
im printed NPs which exhibit the true potential o f being used fo r real biological applications. In
this regard, Section 5.2.4 discusses the strategy proposed by our research group fo r the
development o f MIP NPs fo r DNA recognition.
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5.2.4. Hybrid DNA- MIP system: The proposed approach
In a recent study reported by our research group, it has been reported for the first time that
the strategy o f solid phase oligonucleotide chemistry can be exploited fo r covalent
immobilisation of the nucleoside template into cross-linked hydrogel MIP NPs. To do so,
nucleoside imprinted MIP NPs have been generated by incorporating modified 2'deoxyuridine (dU) into thermo responsive PAAm based MIP NPs. In addition to the
modification o f the nitrogen bases, the nucleoside has also been modified by phosphoramidite
chemistry fo r its immobilisation onto the solid phase. This is then followed by the preparation
o f PAAm based thermoresponsive cross-linked hydrogel NPs in the presence o f the
immobilised template nucleoside (36).
Since the immobilised nucleoside template is chemically modified in this approach, it serves as
a polymerisable monomer which is capable o f being incorporated covalently into the resultant
MIP NPs. Previous studies have reported imprinting of the biomolecules within cross-linked
hydrogel NPs made up o f traditional monomers (61); whereas our study has found that
integration o f an additional biological recognition monomer (such as, complimentary
nucleoside to that of the template) seems to improve the template recognition even further
than that achieved by the MIPs prepared just with the traditional monomers. Figure 5.8 shows
the schematics of the preparation o f nucleoside imprinted polymeric NPs used in our study.
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the pre-polymerisation mixture together w ith the polymerisable dU m onomer (Acr), (b) Redox
polymerisation carried out by addition o f APS (ammonium persulfate) and TEMED (N,N,N',I\Ttetram ethylenediam ine followed by elution o f low affinity NPs and oth e r im purities at 20 °C
and (c) Elution o f high affinity MIP NPs at 60 °C; adapted by (36).
Figure 5.8a shows the preparation o f nucleoside im printed polymeric NPs by the proposed
approach where the tem plate nucleosides are immobilised onto nonporous glass beads, used
as stationary phase. M onom er mixture together w ith the polymerisable nucleoside m onom er
(complimentary to that of the immobilised tem plate) is then added to the stationary phase.
Following a polymerisation strategy reported earlier, polymerisation is carried out at room
tem perature by using redox initiators to allow the form ation o f polymeric NPs in mild aqueous
conditions since biomolecules are used as templates (63). Once the polymerisation is
complete, nucleoside tethered PAAm NPs are released from the stationary phase by exploiting
therm o responsive nature o f the PAAm based hydrogel NPs (as discussed earlier in Section
5.2.2). The UCST (Upper Critical Solution Temperature) o f the PAAm based polymer hydrogels
is about 53 °C. Therefore, at any tem perature below th e ir UCST (53 °C), nanogel particles
would remain hydrated whilst maintaining the hydrogen bonds between the tem plate
nucleoside and its complimentary nucleoside tethered w ithin the polymer. This means th a t
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elution at such temperatures can remove other impurities, such as, unreacted monomers and
low affinity polymer NPs (as shown in Figure 5.8b).
On the other hand, for the elutions above its UCST (60 °C, as used in the experiments), the
hydrogel particles would shrink due to breaking o f hydrogen bonds that once existed between
the template nucleoside and the nucleoside tethered into polymeric NPs. This would release
the polymer NPs w ithout affecting covalently bound template nucleoside (as shown in Figure
5.8c). Cross-reactivity studies performed between different templates and dU tethered MIP
NPs has suggested that the prepared MIP NPs can specifically recognise dA, whereas no
imprinting has been observed when dG and dC are used as templates against dU tethered MIP
NPs. Moreover, the study also demonstrates that introduction o f a suitable polymerisable
monomer (polymerisable dU) into MIP NPs can be achieved for up to 45 % (w/v) which
improves their template recognition performance without altering their size, shape and
dispersibility. Not to mention, the template is also regenerated at the end o f each cycle o f NPs
preparation fo r up to 30 cycles which can be quite economical for expensive biological
templates, such as proteins and nucleic acids (36).
In a more recently published study by our research group, a novel approach has been used for
the development o f MIP NPs selective towards an aptamer (single stranded oligonucleotide)
target. Figure 5.9 shows the schematics of modification strategy used fo r the chemical
modification o f the aptamer sequence used in the study.
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Figure 5.9: Schematics showing the synthesis o f polymerisable aptam er sequences, (a) by using
the modified Carboxy-dT-CE Phosphoramidite (T*) or the Acrydite and (b) List o f polymerisable
DNA sequences used in this: cocaine aptamer w ith one (T * l) or six (T*6) polymerisable
nucleosides or w ith 5' phosphoramidite modification (commercial Acrydite™). Poly T 12mer is
a 5' phosphoramidite derivative, synthesised as a control aptamer sequence; adapted from
(57).
Classic nucleotides, particularly, dT have been immobilised on the stationary phase by using
the ir 5' phosphoramidite derivatives (Acrydite™) and fu rth e r oligonucleotide sequence have
been prepared w ith the aid o f an automatic DNA synthesiser (as seen in Figure 5.9a) (36).
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Besides its phosphoramidite modification, aptamers are also modified by introducing C-5
alkene substituted 2'-deoxyuridine (T*) residues in its sequence to allow fo r its incorporation
into the polymer from m ultiple points. Depending on the number o f modified deoxythymidine
(dT) residues present, the aptam er sequences are called T*1 and T*6 containing one and six
polymerisable dT residues respectively (as seen in Figure 5.9a) (57). All the aptamer sequences
are then allowed to equilibrate w ith immobilised cocaine (its target) to allow aptamers to
acquire specific three dimensional shapes in the presence o f its target (as discussed earlier in
Section 5.2.1). This is followed by addition o f the pre-polymerisation m ixture to produce PAAm
based NPs having covalently incorporated aptamer sequence in its matrix. The study has
reported th a t incorporation o f up to 75 % (w/v) o f polymerisable aptam er can be achieved
w ithin the NPs matrix by using the proposed strategy. The resultant aptamer tethered NPs are
then recovered by exploiting the therm o responsive property o f the PAAm based hydrogels as
obtained in earlier study (as explained in Figure 5.8). The obtained results strongly indicate
th a t the enzymatic stability and thereby the target recognition performance o f an aptamer
sequence can be improved fu rth er when it is covalently integrated into the polymer from
m ultiple points (by the virtue o f both the phosphoramidite and base pair modifications from
m ultiple points) than just the phosphoramidite modifications (36). The experimental data
presented in this chapter consists o f the latest study conducted fo r the development o f a
hybrid DNA-MIP system.
In the presented study, an oligonucleotide polymer NP system (OligoMIP NPs) is presented for
im printing

oligonucleotide sequence

into

highly cross-linked

polym er

NPs.

Molecular

im printing has been implemented together w ith the solid phase synthesis to obtain scalable
and highly selective polymeric materials fo r the recognition o f oligonucleotides. Following
similar experimental protocol from earlier studies, the target oligonucleotide strand (12 base
pairs) has been immobilised on the solid phase by the means o f m ultiple chemical
modifications including C-5 alkene substituted 2'-deoxyuridine (T*) as well as th e ir 5'
phosphoramidite (Acrydite™) derivatisation (36). The immobilised tem plate oligonucleotide
strand is then allowed to attain thermodynamic equilibrium w ith its com plem entary DNA
strand and then

locked into highly cross-linked polymeric NPs through the covalent

integration. Figure 5.10 shows the schematics o f the protocol used fo r the preparation of
OligoMIP NPs in the study.
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Figure 5.10: Schematic representation o f the solid-phase synthesis and selection o f OligoMIP
NPs, (1) The polymerisable oligonucleotide sequence incubated w ith the solid phase bearing
the oligonucleotide tem plate strand, (2) Pre-polymerisation mixture is added to the solid
phase to allow interaction between the complementary DNA strands, and the polymerisation
is initiated, (3) High affinity OligoMIP NPs bearing the oligonucleotide sequence are obtained
by eluting them at 60 °C; adapted from (63).
The physical analysis of the obtained OligoMIP NPs shows spherical particles w ith narrow
particle size distributions, comparable to natural antibodies. QCM microgravimetric analysis o f
the synthesised OligoMIP NPs has also been performed which confirms th a t maximum
specificity and selectivity are achieved only when the complementary DNA sequence is
structurally supported and locked in into the MIP matrix by multiple anchoring points by the
virtue o f its polymerisable modified nucleotides.
The study presented here o f an OligoMIP NPs system together w ith earlier studies seems to
show consistent improvement of the recognition o f not only nucleosides but also o f aptam er
and oligonucleotides by the strategies proposed by our research group. Such OligoMIP NPs
systems can potentially be applied fo r the development o f MIP NPs based assays such as ELISA,
where the prepared MIP NPs can be used as a direct replacement o f the natural antibodies.
Such MIP NPs may also be useful fo r developing DNA based biosensors fo r medical diagnostics.
The nanoparticulate form ulation o f such systems would not either rule out th e ir possible
applications for in in vivo diagnostics. The obtained OligoMIP NPs are currently being
investigated fo r such potential applications.
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The following sub sections (5.2.5 to 5.2.8) describe the principles o f different analytical
techniques used during the study fo r the analysis o f OligoMIP NPs.

5.2.5. Transmission electron microscopy
TEM is a commonly used electron microscopy technique fo r the analysis o f biological as well as
non-biological samples fo r th e ir morphology, shape, size and size distribution studies. Since
TEM measures the particle size in the dry state, the obtained values are believed to be the
closest to th a t o f the particles original sizes. However, the particle size measurement is carried
out semi-quantitatively or manually in this technique. Therefore, the results obtained from
TEM are sometimes correlated w ith other particle sizing techniques, such as DLS (dynamic light
scattering). Such correlation is particularly useful fo r the analysis o f polymer colloidal systems
in buffers, intended fo r th e ir biological applications.
In a typical TEM analysis, a focused beam o f electrons (80-120 kV) is transm itted through a thin
specimen. The acceleration voltage o f the electrons may vary depending on the TEM make up.
Sometimes, TEM w ith acceleration voltage o f up to 500 kV to 3 MV are also used to attain high
transmission. The electrons transm itted through the specimen are collected which then create
an image which can be resolved or magnified further through the built in camera. Scanning
electron microscopy (SEM) differs from TEM in a way th a t the sample is scanned by a focused
beam o f electrons which produces signals th a t give inform ation about the surface topography
and composition o f the sample material (78).

5.2.6. Dynamic light scattering (DLS)
DLS is a useful technique fo r measuring particle size distribution o f colloidal micro and
nanoparticle formulations. The technique measures the particle size and particle size
distribution o f the samples by measuring the amount o f the scattered light due to the
Brownian motion o f the particles on a microsecond scale. When light strikes on a colloidal
matter, the electric field o f the light causes oscillation o f its molecules and causes polarization
o f electrons in the molecules. As a result, the molecules generate a secondary source o f light
which subsequently scatters the incident light. The scattering patterns largely depend on the
size and shape of the colloidal particles, the idea th a t a larger particle would show less random
movement as compared to a small particle. The difference in this intensity o f this light is
converted to the Hydrodynamic Radius (Rh) o f the solvated particle moving in th a t particular
medium by using the Stokes-Einstein relationship w ith the aid o f electrodynamics and theory
o f tim e dependent statistical mechanics (77). The hydrodynamic diam eter o r Stokes diam eter
is a sphere w ith same translational diffusion coefficient as th a t o f the colloid on its own, w ith a
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hydration layer surrounding it. Therefore, DLS can accurately measure particle size and its size
distribution in the range between 0.5 nm to 100 nm (78). Figure 5.11 shows a typical particle
size distribution curve obtained from DLS measurement.
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Figure 5.11: Particle size distribution o f the OligoMIP NPs obtained from OMNISIZE platform by
using DLS.
OMNISIZE software platform is designed to measure the particle size distribution o f a colloidal
form ulation which gives plots o f amplitude versus average hydrodynamic radii (Rh) obtained by
scattering the light through the samples filled in the cuvette. Figure 5.11 shows a typical plot
obtained from the DLS analysis in the reported study where the amplitude (on the Y axis)
indicates relative proportion o f the particle population o f a specific average hydrodynamic
radius. Triplicate measurements of each sample have been carried out in the study and mean
as well as standard deviations obtained have been reported. Alongside the particle size,
different OligoMIP NPs were also analysed fo r their particle charge o r zeta potential as
described in Section 5.2.7.

5.2.7. Zeta potential analysis
Zeta potential is a rheological parameter which is widely used to explain the magnitude of
electrochemical property of a colloidal suspension. When charged particles are present in an
aqueous solution, they give rise to electric double layer where the outerm ost layer of the
charged species o f the material is surrounded by counter ions (80). The principle o f zeta
potential is based on measuring the movement o f these counter ions in the presence o f
external electrical field (81). Zeta potential is a fundamental parameter in determ ining the
colloidal stability o f particulate form ulations in different conditions o f tem perature, pH and
strength o f the solvents (82,83). Figure 5.12 explains the zeta potential theory in colloidal
dispersions.
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Figure 5.12: Schematics showing different counter ion layers surrounding a colloidal particle.
Zeta potential is the electrical potential at the slipping plane; adapted from (84).
When colloids are present in aqueous dispersions, they are surrounded by the ions oppositely
charged to the ir surface, also referred to as the counter ions. The arrangement o f the counter
ions is highly dense in the layer adjacent to the surface o f the colloids; this layer is called the
Stern layer (as seen in Figure 5.12). However, the arrangement o f these counter ions get more
diffused as the distance from the surface o f the colloids increases. The decreasing charge
density o f the counter ions then results in the form ation o f diffused layer (as seen in the Figure
5.12). In this regard, the space beyond the diffused layer is even lightly populated w ith such
ions. This space is referred to as the slipping plane and the electrical potential arising from the
counter ions in this region is called the zeta potential. In general, sufficient am ount o f the
counter ions on the surface o f colloidal particle form ulation is crucial in keeping it flocculated
which furth e r enhances its stability (84). Prepared OligoMIP NPs have been analysed fo r their
DNA recognition performance by QCM which is described in Section 5.4.4.

5.2.8. QCM microgravimetric analysis of Plain and OligoMIP NPs
QCM is a widely used sensory technique to detect the signals brought upon by a change in the
oscillation frequency o f the crystal used in the instrument. It is usually used as an oscillator
control o f the circuit which is made up o f anode and cathode electrodes. Figure 5.13 explains
the components of a typical QCM device.
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Figure 5.13: QCM analysis o f the prepared OligoMIP NPs fo r th e ir DNA recognition
performance; (a) A typical QCM set up with its components and (b) A typical sensorgram
obtained from the QCM analysis o f OligoMIP NPs under study where increasing concentration
o f the prepared OligoMIP NPs consistently increases its selective interaction w ith the
immobilised target which in turn consistently decreases the oscillation frequency o f the gold
crystal from its original base frequency.
The gold crystal used in the QCM circuit immobilises the analyte o f interest, fo r example, an
oligonucleotide sequence being used in this study (as seen in in Figure 5.13a). Usually, the
crystal w ith an immobilised analyte (oligonucleotide sequence) oscillates w ith a certain base
frequency. However, when another recognition element (such as, the OligoMIP NPs) is flow n
through this gold crystal, it selectively interacts w ith its complim entary oligonucleotide
sequence immobilised on the crystal by form ing hydrogen bonds through th e ir com plim entary
nitrogen bases. Such interactions deposit OligoMIP NPs on the surface o f the crystal and may
continue to deposit even furthe r upon repeated injections o f the OligoMIP NPs. Deposition o f
an increasing amount o f OligoMIP NPs mass on the crystal surface then continually decreases
resonance frequency o f the gold crystal from its base frequency (as seen in Figure 5.13b). This
means th at the higher the selectivity of synthesised OligoMIP NPs towards its target analyte,
the higher its deposition on the gold crystal and the more the decrease in the resonance
frequency of the gold crystal. This will be discussed further whilst analysing the results
obtained from QCM analysis in the experiments. Section 5.4 discusses results obtained from
the physical analysis as well as the DNA recognition performance o f the OligoMIP NPs.
The follow ing Section 5.3 includes detailed description on the materials and methods used fo r
the preparation and physicochemical analysis o f the OligoMIP NPs used in this study.
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5.3. Materials and methods
This section is divided into materials and methods used fo r the preparation and analysis o f the
obtained MIP NPs.
5.3.1. Materials
AMsopropylacrylamide (NIPAm), /V,iV,/V',A/-tetra-methylethylenediamine (TEMED), ammonium
persulphate (APS), acrylic acid

(AAc), A/,N-methylenebisacrylamide

(BIS), N-tert-butyl

acrylamide (TBAm), 3-aminopropyltriethyloxy-silane (APTES), cysteamine, glass beads, SPE
cartridges with frits, toluene, methanol and acetone were purchased from Sigma-Aldrich (UK).
Sodium

hydroxide,

sulfuric

acid,

l-ethyl-3-(3-dimethylaminopropyl)carbodiimide

(EDC),

imidazole, ethylenediaminetetraacetic acid (EDTA) and phosphate buffered saline (PBS) were
purchased from Fisher Scientific (UK). Ethanol and hydrogen peroxide were purchased from
VWR (UK). DNA sequences bearing the Acrydite® and phosphate (Phos) modification were
purchased from Integrated DNA Technologies, Inc (USA). Carboxy-dT-CE Phosphoramidite was
purchased from Link (UK). Double-distilled water (Millipore) was used for analysis. All
chemicals and solvents were analytical or HPLC grade and were used w ithout further
purification.
The following sections will describe the methodology used fo r the preparation and analysis o f
the OligoMIP NPs.
5.3.2. Synthesis of polymerisable oligonucleotide sequences (PolyT*12, Poly(AGCT*)3# PolyT
ACRYD and Poly(AGCT)3 ACRYD)
Figure 5.11 explains the schematics o f the chemical modification o f the nucleosides and
further synthesis o f oligonucleotide sequence by using automatic DNA synthesizer.

236

C h a p te r 5

w
a)

WM
m
m
EM

im m --Automatic

Classical Polymerisable D N Asy nthes's Polymerisable
nucleotides
nucleotide
sequence

m
bj

m

a

♦

wm

/

//

/

*

Bsa

Automatic

Classical

Polymerisable

nucleotides

nucleotide

synthesis

p 0jymerjsak|e
sequence

, a ^ J L nh
N ''O

vv
11

k

Esasst—^ =
o
n

A

O
r.

o"

^ A

Carboxy-dT-CE
Phosphoramidite

CN
Acrydite™

Figure 5.14: Schematics fo r the preparation o f polymerisable oligonucleotide sequences by
DNA synthesiser, (a) Nucleoside containing a single polymerisable m oiety through Acrydite™
commercial modification or (b) Nucleoside containing several polymerisable moieties through
C-5 alkene 2/-deoxyuridine modifications.
D ifferent oligonucleotide strands were prepared by incorporating modified nitrogen bases (as
seen in Figure 5.11) w ith the aid o f an automated DNA synthesiser. Figure 5.12 shows the list
o f polymerisable oligonucleotide sequences used as recognition elements to be incorporated
into the OligoMIP NPs in the study.
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1) Poly(AGCT')j:
5'-AGC T AAG CT‘AGCT*-3'
2) Poly(AGCT)j ACRYD:
5’-Acryd-AGC TAG CTAGCT-3'
Polymerisable
sequence

3) PolyT'12:

5-TTT* TTT*T‘TT‘ TTT*-3'
4) PolyT ACRYD:
5-Acryd-TTT TTT TTT TTT-3’

Figure 5.15: List o f oligonucleotides being used as recognition elements in the OligoMIP NPs
composition; "ACRYD" represents the 5'-phosphoramidite oligonucleotides (Acrydite™);
whereas T* represents the C-5 alkene-modified 2'-deoxyuridine residues.
The commercial Acrydite™ modification can only be performed at the 3' or 5'-term inal end o f
the oligonucleotide sequence, w hilst the C-5 alkene-modified 2'-deoxyuridine residues can
provide m ultiple anchoring points between the DNA strand and the polymer m atrix which
should allow fo r the oligonucleotide to be held firm ly into the cross-linked polym er matrix,
thus favouring the best possible recognition performance. Moreover, another advantage of
this nucleotide modification strategy in comparison to the Acrydite™ method is th a t the
frequency and the location o f base m odifications could be entirely tailor-m ade as needed.

5.3.3. Preparation of Poly(AGCT)3-derivatised glass beads as affinity media
Glass beads (125 g, 75 pm diameter, Supelco) were activated by boiling in NaOH (1 M) fo r 10
min, then washed thoroughly w ith double-distilled w ater at 60 °C, acetone and finally dried at
80 °C. This step was performed to maximise the immobilisation o f the -OH group on the glass
beads. The beads were then silanised by incubating in a solution o f APTES (2 %, v/v) in
anhydrous toluene overnight at room tem perature, then washed w ith acetone and dried
under vacuum. The Phos-AGCT (12 mer) tem plate sequence (425 nmol) was activated in 283
pL PBS (0.01 M, EDTA 0.01 M, pH 7.2) by adding 40 pL EDC and immediately transferring this
solution into 22.5 g o f APTES-derivatised glass beads suspended in 10 mL o f imidazole buffer
(0.1 M, pH 6.0). The glass beads were incubated w ith the DNA tem plate fo r 2 h at 50 °C and
then overnight at room tem perature (0.67 mL solution g 1 o f glass beads). The derivatised
beads were washed thoroughly w ith double-distilled w ater and dried under vacuum. A fter this
step the glass beads were used straight away fo r the synthesis o f the MIP NPs w ith o u t fu rth e r
storage. The amount o f oligonucleotide could be quantified spectrophotom etrically (at A. = 260
nm) by analysing the amount o f DNA unbound to the glass beads and found in the washings
collected from the immobilisation step. Previous study conducted by our group established
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th a t im mobilisation o f about 0.5-1.5 pmol g'1 nucleotides could be achieved using this this
strategy (36).

5.3.4. Solid-phase synthesis of Poly(AGCT)3 OligoMIP NPs
A solution (2.5 mL) o f each polymerisable DNA oligom er sequence in PBS (0.005 M, pH 7.4)
was degassed by purging argon (Ar) fo r 10 min and then incubated fo r 1 h at room
tem perature in a 14 mL glass vial closed using a Teflon screw-cap and containing 5 g o f AGCTderivatised glass beads (0.67 mL solution g 1 glass beads), fo r a total o f six polymerisation vials
(Plain MIP NPs, Commercial Acrydite AGCT MIP NPs, PolyT T*12 MIP NPs, PolyT T*1 MIP NPs,
AGCT T*3 MIP NPs). In the case o f Plain MIP NPs, 2.5 mL o f PBS were added to maintain the
incubation conditions similar to the other samples. Prior to the addition o f the oligomer
solutions, the vials containing the solid phase were degassed under vacuum and the air inside
the vials then replaced w ith Ar (3 times). In the meantime, the follow ing monomers were
dissolved in PBS (0.005 M, pH 7.4, 50 mL): NIPAm (39 mg, 0.35 mmol, 53 %), BIS (2 mg, 0.01
mmol, 2 %), TBAm (33 mg, 0.26 mmol, 40 %) and AAc (2.2 pL, 0.03 mmol, 5 %). TBAm was
previously dissolved in EtOH (1 mL) and then added to the aqueous solution. The total
m onomer concentration was 13 mM at this stage. The solution was degassed under vacuum
and sonication fo r 10 min, and then purged w ith Ar fo r 30 min.
A fter this tim e, aliquots o f 2.5 mL o f solution were transferred in the vials previously incubated
w ith the polymerisable DNA, thus reaching a to ta l volume o f 5 mL and a final monom er
concentration o f 6.5 mM. The polymerisation was started by adding an APS aqueous solution
(50 pL, 60 mg m L 1) and TEMED (1.5 pL). The polymerisation was then carried out at 20 °C fo r
20 h. A fter the polymerisation, the contents o f the vials were transferred into SPE cartridges
fitte d w ith a polyethylene fr it (20 pm porosity) in order to perform the temperature-based
affinity separation o f MIP NPs. The tem perature o f PBS and the SPE cartridges was kept at 20
°C (same as the polymerisation step). Washing was performed with 3 x 5 mL o f PBS (0.005 M,
pH 7.4), applying manual pressure w ith a syringe if needed. This was done in order to remove
non-polymerised monomers and low -affinity MIP NPs.
The effectiveness o f the washing was verified by measuring the UV absorbance o f washing
aliquots, in order to ensure complete monom er removal as well as to quantify the
incorporation o f polymerisable DNA into the polymer matrix (by difference o f the absorbance
measured at X = 260 nm). Afterwards the SPE cartridges containing the solid phase w ith highaffinity MIP NPs attached were heated up to 60 °C and eluted w ith 5 x 5 mL H20 at 60 °C. The
concentration o f the nanoparticles fractions could be evaluated by evaporation o f the eluted
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fractions; previous studies found that the preparation o f the MIP NPs by using solid phase
synthesis could produce NPs with varying yields o f NPs ranging from 15 % w /v to 60 % w /v
depending on the amount o f immobilised template on the glass beads (36,72,76). Plain MIP
NPs were prepared by imprinting the same template [Poly(AGCT)3 12mer] into the polymeric
NPs made up o f traditional monomers w ithout the incorporation of oligonucleotide sequence
as an additional polymerisable element o f the MIP NPs. Section 5.4 describes the principle and
methods used for analysing prepared OligoMIP NPs.
5.4. Polymer analysis
This section will describe different analytical techniques used for physicochemical analysis o f
the prepared OligoMIP NPs.
5.4.1. Transmission electron microscopy
Transmission Electron Microscopy (TEM) images o f MIP NPs were taken using a JEOL JEM
1400, 120kV high contrast TEM equipped with an AMT XR60 mid-mount digital camera (11
megapixels). Samples for the analysis have been prepared by depositing a drop o f the MIP NPs
solution, previously filtered through a 0.45 pm PTFE syringe filter, on a carbon-coated TEM
copper grid (300 mesh, from Agar Scientific, UK), blotting away the excess and leaving them to
dry overnight at room temperature.
5.4.2. Dynamic light scattering (DLS)
The MIP NPs samples for DLS were prepared in deionized H20 , sonicated for 5 minutes, then
filtered through 0.45 pm PTFE syringe filters and analysed in Quartz SUPRASIL (1.5 x 1.5 mm)
cuvette at 25 °C by using Malvern Viscotek DLS (Malvern Instruments Ltd.) equipped with
OMNISIZE 3.0 software.
5.4.3. Zeta potential measurements
The MIP NPs were prepared dispersed in PBS (10 mM, pH-7.4) and transferred to DTS1060C
clear disposable 1 mL zeta flow-cells. The analysis was done on Malvern Zetasizer Nano Z
(Malvern Instruments Ltd.) using the Smoluchowski model (79).
5.4.4. Quartz Crystal Microbalance (QCM) measurements
QCM crystals (5 MHz Cr/Au, polished, Testbourne Ltd., UK) were cleaned by immersion in
Piranha solution (H2S04: H20 2, 3: 1, v/v) for 5 min. Then they were thoroughly rinsed with
double-distilled water and left in MeOH overnight. The immobilisation of the templates has
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been performed by incubating the crystals in a solution o f cysteamine (0.2 mg mL'1) in EtOH at
4 °C for 24 hours, after which they have been washed with EtOH and incubated for at least 48
h at room temperature in a 10 mL o f imidazole buffer (0.1 M, pH 6.0) solution o f Phos-AGCT
template sequence (425 nmol), previously activated in 283 pL PBS (0.01 M, EDTA 0.01 M, pH
7.2) by adding 40 pL EDC (same activation as fo r the immobilization onto the glass beads).
Once the immobilisation was completed, the crystals were washed thoroughly with double
distilled water before being mounted in the QCM flowcell.
Plain and OligoMIP NPs adsorption to Poly(AGCT)3template was monitored using a QCM200 5
MHz quartz crystal microbalance (Stanford Research Systems, UK). The modified QCM chips
were maintained hydrated during mounting in the QCM flowcell. MIP NPs solutions and
running buffer were introduced using an Instech P720 peristaltic pump equipped with 0.020"
ID tubing (Linton Instrumentation, UK) and flowing at 0.1 pL min'1. The QCM chip bearing the
template was first stabilised in running buffer (PBS 0.003 M, pH 7.4) at 20 °C until the system
reached a stable baseline. Affinity analysis was carried out by sequentially by flowing each MIP
NPs solution for 5 min (500 pL) and analysing the sensor response for 15 mins. This process
was repeated over the concentration range of 0.125 to 2 pg mL-1.
5.5. Results and discussion
This section includes the result obtained from the physical analysis o f the OligoMIP NPs which
include their particle size and size distribution, zeta potential and morphology characteristics.
The physical analysis is then correlated to their template (DNA) recognition performance too.
All the formulations o f OligoMIP NPs [plain, PolyT ACRYD, PolyT*12, Poly(AGCT)3 ACRYD and
Poly(AGCT*)3] were analysed in identical manner to obtain comparable results. Section 5.5.1
begins with the electron microscopy analysis o f the OligoMIP NPs.
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5.5.1.

Transmission electron microscopy
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Figure 5.16: Transmission Electron Microscopy (TEM) image o f different MIP NPs form ulations
at; (a) Plain MIP NPs (b) PolyT ACRYD MIP NPs (c) PolyT*12 MIP NPs (d) Poly (AGCT)3 ACRYD
MIP NPs (e) Poly(AGCT*)3MIP NPs (30,000X magnification).
TEM analysis o f different MIP NPs suggested th a t different form ulations o f OligoMIP NPs
appeared spheroidal in shape with th eir mean size o f about 10-30 nm (as seen in Figure 5.16).
However, PolyT ACRYD and PolyT*12 form ulations were found to show slightly aggregated NPs
(as seen in Figures 5.16b and 5.16c). Not to forget, these OligoMIP NPs were prepared by
im printing PolyT (12 base pairs) as a tem plate into polymer matrix having incorporated
Poly(AGCT)3; however incorporation o f PolyA instead would have maximised the base pairing.
In this regard, observed aggregation into these form ulations (PolyT ACRYD and PolyT*12)
suggested th a t lack o f enough base pairing could change conformation o f the oligonucleotide

242

C h a p te r 5

strands which could disrupt the electrostatic balance between MIP NPs and might result into
form ation o f aggregated MIP NPs.
On the other hand, PlainMIP NPs Poly(AGCT)3 ACRYD MIP NPs and Poly(AGCT*)3 MIP NPs
showed more defined spheroid NPs (as seen in Figures 5.16a, 5.16d and 5.16e). These
form ulations were prepared by im printing Poly(AGCT)3 tem plate into polym er matrix having
incorporated its complim entary sequence Poly(AGCT)3 w ithin it. Defined m orphology o f these
form ulations suggested th at when complim entary oligonucleotide sequences interacted, they
would form maximum number o f complim entary base pairing which m ight hold DNA into the
favourable position obtaining favourable electrostatic balance which might not affect the
perfect spheroid shapes o f the MIP NPs.
It was observed th a t the PlainMIP NPs were im printed w ith Poly(AGCT)3 but w ith o u t having
incorporated

any

oligonucleotide

sequence

w ithin

th e ir

polymer

matrix.

Therefore,

incorporation of any "special m onom er" did not seem to affect shape and size o f the resulting
MIP NPs as the PlainMIP NPs were well defined spheroids w ithin the particle size range o f 1030 nm, as observed w ith other form ulations (as seen in Figure 5.16).
To study particle morphology even further, Poly(AGCT*)3 MIP NPs form ulations was viewed at
higher magnification, as seen in Figure 5.17.

Figure 5.17: Transmission Electron Microscopy (TEM) image MIP NPs Poly(AGCT*)3 MIP NPs
(80,000X magnification).
Upon increasing the magnification up to 80Kx, the prepared OligoMIP NPs continued to appear
as spheroids however the background noise increased at this higher magnification (as seen in
Figure 5.17) which made it increasingly difficult to study the surface texture o f the NPs.
Overall, the mean particle size and its distribution obtained in this study was comparable to
our previous studies where the nucleoside im printed polymer NPs and MIP NPs synthesised for
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the recognition o f an aptamer target were found to be in the similar size range o f 10-40 nm
(36,57). Another study reported preparation o f PAAm based MIP NPs fo r imprinting
oligopeptide (melittin) with the comparable mean particle size o f 50 nm as well (61).
An earlier study investigated the particle size o f the MIP NPs by using TEM and suggested that
the mean particle size was dependent on the length o f the UV irradiation time when the
polymerisation was carried out by UV irradiation. The obtained results in the study suggested
that the mean particle size o f protein imprinted NPs increased from 150 nm to 400 nm when
the UV irradiation time o f polymerisation was increased from 2.5 minutes to 4.5 minutes (63).
In the presented study, the same length o f polymerisation (20 hrs) was used fo r all the
polymers which reflected in their comparable particle size distributions; however it would be
interesting to study the effect o f the polymerisation time on the particle size o f resulting NPs
since this has not been studied fo r a redox initiated polymerisation. Mean hydrodynamic radii
(Rh) different OligoMIP NPs was then studied by Dynamic Light Scattering (DLS) as discussed in
Section 5.5.2.
5.5.2. Dynamic light scattering
Dynamic Light Scattering (DLS) analysis of the prepared OligoMIP NPs would be vital in
understanding the swelling capacity o f the hydrogels as the particle size analysis would be
performed on the NPs in their hydrated state. The mean hydrodynamic radii (Rh) obtained
from the DLS analysis could be useful in understanding how a nanoparticulate formulation
might behave in biological samples. DLS analysis particularly o f different OligoMIP NPs under
the study could help to understand whether the degree o f swelling o f the OligoMIP NPs could
be driven by the type o f chemical modification used on the oligonucleotide sequence fo r their
incorporation into MIP NPs. The Rh values obtained from DLS analysis could thereby be used as
the direct comparison to the results obtained from TEM to give a good understanding o f the
degree o f swelling into the OligoMIP NPs. Prepared OligoMIP NPs were analysed fo r their
mean particle radii (Rh) by DLS technique (as explained earlier in Section 5.4.2). The obtained
values of Rh were then summarised, as seen in Table 5.2.
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Table 5.2: Particle size distribution analysis o f Plain and OligoMIP NPs in PBS 0.1 M at pH 7.4.
Error bars represent ± 1 SD (n = 3).
Type o f OligoMIP NPs

Mean particle radii (nm)

Plain

11.6 ± 0.46

PolyT ACRYD

5.13 ± 0.32

PolyT* 12

16.63 ± 0.57

Poly(AGCT)3ACRYD

9.57 ± 3.42

Poly(AGCT*)3

16.23 ± 2.49

In general, the mean particle diameters o f all OligoMIP NPs formulations obtained from DLS
analysis were in the range o f 10-30 nm. This was in agreement with the results obtained from
the TEM analysis of the same formulations (as discussed earlier in Section 5.4.1).
Having studied the pattern o f the obtained particle size, it was found that the incorporation of
ACRYD modified oligonucleotides [PolyT ACRYD and Poly(AGCT)3 ACRYD] resulted in slightly
smaller MIP NPs as compared to the PlainMIP NPs. On the other hand, incorporation o f the
modified deoxyuridine containing oligonucleotide MIP NPs [PolyT*12 and Poly(AGCT*)3]
resulted into slightly larger OligoMIP NPs in comparison to the PlainMIP NPs (as seen in Table
5.2). From this, it could be hypothesised that the slight changes observed in the particle
diameter could be derived from the type o f chemical modification o f the oligonucleotide
sequences, particularly the fact that the Acrydite™ modification would possess more o f a
hydrophobic character due to the introduction o f a C6 carbon chain at the end o f the DNA
sequence in comparison to the C-5 alkene deoxyuridine modification. Such hydrophobic
modifications obtained by the Acrydite™ derivatisation might result into a more "compact"
conformation and smaller size in buffer solution.
In this study, the mean particle diameter obtained by both the TEM and DLS were quite similar
which also indicated negligible swelling o f the MIP NPs in water (as discussed in Sections 5.4.1
and 5.4.2). This reaffirmed the earlier hypothesis that "compact" conformation o f the polymer
NPs caused by integrating oligonucleotide in its matrix from multiple points might restrict
water intrusion. Therefore, OligoMIP NPs would show minimal swelling in their wet state. In an
earlier study, MIP NPs imprinted with nucleosides showed slightly more swelling in water than
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in th e ir dry state (36). This behavior might be due to the fact that integration o f a nucleoside
from a single point in the NPs m atrix could result into a comparatively loosely fitte d polymer
matrix allowing more water intrusion. This might be the reason why nucleoside im printed NPs
appeared slightly bigger in th e ir w e t state during DLS analysis than when in dry state. Overall,
the mean particle size o f the OligoMIP NPs obtained by DLS was found to be comparable to
th a t o f natural antibodies (85). In comparison to other dispersion polymerisation techniques,
solid phase tem plated synthesis (as proposed in this study) produced smaller MIP NPs with
narrow particle size distributions (86,87).
Some other studies also reported th a t the Rh obtained from the DLS analysis of PAAm based
hydrogel MIP NPs could be affected by the pH and tem perature conditions. One study found
th a t MIP NPs form ulations consisted o f NPs in the range o f 50-150 nm at 37 °C; however they
showed considerable am ount o f swelling (upto 4 to 5 times) at 25 °C (76). This would be
expected as the hydrogen bonds between the polymer chains would likely to be form ed at
lower temperatures and the NPs would swell in their hydrated state. On the other hand,
higher tem peratures could break hydrogen and even electrostatic bonding w ithin the NPs
matrix shrinking the NPs and thereby resulting into smaller Rh in DLS analysis. That said, the
degree o f swelling would be largely driven by the type and amount o f other functional
monomers and cross-linkers used fo r the preparation o f hydrogel MIP NPs.
In a similar way, different pH conditions could also affect the Rh o f the hydrogel MIP NPs. A
study reported th a t extremely acidic and alkaline pH could lead to

protonation

or

deprotonation o f the functional groups o f the monomers which m ight increase electrostatic
repulsion between these functional groups and thereby result into bigger particle sizes. On the
other hand, neutral pH could provide perfect balance between electrostatic repulsive and
attractive forces and would result into comparatively smaller and compact hydrogel NPs. Such
therm o and pH sensitive properties of hydrogels could be exploited in developing signaling
sensors and drug or gene release-capture switches. DLS analysis experiments in this study
were carried out at the neutral pH since the aim o f developing OligoMIP NPs was to investigate
th e ir DNA recognition property and not the release efficiency. However, it would be useful to
study whether different pH and tem perature conditions could affect the

recognition

performance o f the prepared OligoMIP NPs by attributing conform ational changes to the
incorporated oligonucleotide sequence in its polymer matrix.
Alongside the morphology and particle size distribution, the surface charge o f the MIP NPs
would also be crucial in defining the long term stability o f the developed NPs. Therefore,
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prepared OligoMIP NPs formulations were analysed for their zeta potentials as discussed in
section 5.5.3.
5.5.3. Zeta potential measurements
Zeta potential measurements o f the prepared MIP NPs were carried out to study their colloidal
stability. The measurements were based on the fact that sufficient amount o f charged species
on the surface o f colloidal particles would be crucial in maintaining their dispersibility at any
given pH or temperature. Since the value o f zeta potential would reflect into the amount of
charged species at the interface, the higher the zeta potential the more stable a particulate
formulation would be (as explained earlier in Section 5.4.3).
The objective to carry out zeta potential measurements o f OligoMIP NPs was to study whether
integration o f oligonucleotide sequence within the polymer NPs could alter the zeta potential
and thereby colloidal stability o f the MIP NPs. Since the obtained NPs were mainly composed
of acrylate derivatised acrylamide cross-linkers, they would be expected to show negative zeta
potential values. Not to mention, negative zeta potential values could also be enhanced by the
incorporation of negatively charged oligonucleotide chains which could be studied by
comparative analysis o f different OligoMIP NPs and PlainMIP NPs. To do so, obtained OligoMIP
NPs were analysed by Zetasizer as described earlier in Section 5.4.3. All the experimental
parameters were kept constant for different samples to obtain comparable results. The
obtained results were then summarised as shown in Table 5.3.
Table 5.3: Particle size distribution and zeta potential analyses o f Plain and OligoMIP NPs in
PBS 0.1 M at pH 7.4. Error bars represent ± 1 SD (n = 3).
Type o f MIP NPs

Zeta potential (mV)

Plain

-10.53 ± 0.32

PolyT ACRYD

-5.81 ±0.34

PolyT* 12

-24.47 ±0.65

Poly(AGCT*)3

-9.0 ±0.34

AAm-AAc-TBAm based cross-linked nanogels would be usually expected to show negative zeta
potentials due to dissociation o f -COOH groups on their surface (88). This hypothesis was
found to be supported by the obtained zeta potentials in the presented study where all the
MIP NPs were found to show negative zeta potentials (as seen in Table 5.3). Comparative
analysis also suggested that PolyT*12 and Poly(AGCT*)3 OligoMIP NPs exhibited a more
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negative zeta potential value than the PlainMIP NPs which indicated th a t incorporation o f the
polymerisable oligonucleotide monomers through m ultiple chemical modifications contributed
towards the stabilisation o f the MIP NPs dispersions. On the other hand, PolyT ACRYD and
Poly(AGCT)3 ACRYD OligoMIP NPs exhibited more similar Zeta potential values to PlainMIP NPs,
which suggested tha t ACRYD m odified oligonucleotide monomers either destabilised or did not
exhibit any effect on the stability o f MIP NPs dispersions.
Overall, obtained zeta potentials were comparable to those reported in other studies where
PAAm based cross-linked nanogels were developed. It was interesting to notice here th a t the
mean particle size o f the NPs was much similar in all the studies which meant they would
exhibit much similar surface area too. Since zeta potential would be a measure o f the surface
charge and charge density on the particles, it suggested th a t the similar particle size o f these
PAAm NPs might result into much similar zeta potentials too. In all the studies, zeta potentials
o f PlainMIP NPs were quite similar regardless o f the relative proportions o f th e ir functional
monomers (AAc) w ith different acrylamide based cross-linkers as well (86,88,89).
Plain MIP NPs were also developed in one o f the earlier studies reported by our group w ith
exactly similar monom er ratios. Zeta potential analysis o f the PlainMIP NPs obtained both in
the previous and the current study showed quite similar values. The same study also found
th a t incorporation o f chemically m odified nucleosides into the MIP NPs increased the negative
value o f zeta potential considerably which was in agreement w ith the results obtained in this
study (36).
This

reaffirmed

the

earlier

hypothesis

th a t

when

incorporation

of

nucleosides

or

oligonucleotides into polymer NPs was achieved through th e ir m ultiple chemical m odifications
(both the base and ACRYD modifications), they improved dispersibility o f the resulting NPs. On
the other hand, just the ACRYD m odifications o f nucleosides or oligonucleotides failed to
improve dispersibility o f the polymeric NPs. To understand this behaviour further, the results
obtained from zeta potential analysis were correlated to that obtained from DLS analysis o f the
OligoMIP

NPs under study. This suggested

that the

MIP

NPs having

incorporated

oligonucleotides just w ith ACRYD modifications produced loosely packed and swollen NPs w ith
lower dispersibility. However, chemical modifications o f the bases alongside th e ir ACRYD
modifications improved incorporation o f oligonucleotides into the polymeric NPs which
produced tightly packed, small and highly dispersed OligoMIP NPs (as discussed earlier in
Section 5.5.2). It would be im portant to mention here that zeta potential experim ents in this
study were performed in buffers at physiological conditions; however it might useful to study
the effect o f different temperatures and pH on the zeta potentials of different OligoMIP NPs
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under study. After having studied the physical properties o f MIP NPs, they were analysed for
their template recognition performance which was conducted by QCM (Quartz Crystal
Microbalance) microgravimetric analysis as discussed in Sections 5.5.4.
5.5.4. QCM microgravimetric analysis
QCM gravimetric analysis o f the obtained OligoMIP NPs was carried out to test their
oligonucleotide recognition performance. Clarification o f the obtained results was based on
the hypothesis that reduction in oscillation frequency o f the gold crystal (having immobilised
the template oligonucleotide) would indicate selective interaction between the template and
the MIP NPs, the magnitude o f which would indicate the strength o f interactions. In other
words, the lower the oscillation frequency o f the QCM crystal (from its base frequency), the
higher the template recognition performance o f the MIP NPs (as discussed earlier in Section
5.4.5).
The objective for conducting QCM analysis was to understand relative strength o f the
recognition performance o f different MIP NPs towards their template [poly(AGCT)3] by
studying;
a) Whether incorporation of a complimentary oligonucleotide [such as, Poly(AGCT)3 and
Poly(AGCT*)3] in the NPs matrix could help improve recognition o f their temple
oligonucleotide (through base pair matching according to Watson-Crick DNA model);
b) Whether the template recognition performance o f the OligoMIP NPs with immobilised
oligonucleotide sequence surpassed to that exhibited by PlainMIP NPs (NPs made up
of

traditional

monomers

without

the

incorporation

of

a

complimentary

oligonucleotide in its matrix);
c)

Whether the strategy used for incorporation of oligonucleotides within the NPs
influenced their template recognition performance. This was carried out to understand
whether incorporation o f oligonucleotide through its multiple chemical modifications
(modification o f their nitrogen bases along with their ACRYD modification) could
improve their template recognition performance even further as compared to single
point chemical modification used for incorporating them into MIP NPs (ACRYD
modification) and even PlainMIP NPs (with no incorporation o f oligonucleotide).

The length o f all the oligonucleotide chains used in this study was kept the same (12 base
pairs) to facilitate selective recognition o f the complimentary nitrogen bases.
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From the understanding of the natural base-pairing in DNA, the OligoMIP NPs having
incorporated poly(AGCT)3 would be expected to show improved recognition o f the template
[poly(AGCT)3] compared to polyT incorporated MIP NPs. The results obtained through the DLS
and zeta potential analysis suggested that the OligoMIP NPs obtained by incorporating
oligonucleotide through its chemical modification from multiple points (modification o f their
nitrogen bases along with their ACRYD modification) showed higher electrochemical stability
possibly due to tighter integration o f the oligonucleotide sequence.
From this, it could be hypothesised that such multiple chemical modifications could "lock" the
polymerisable oligonucleotide in its favourable conformation within highly cross-linked
polymer NPs and thereby exhibit improved template recognition performance. On the other
hand, the OligoMIP NPs obtained by incorporating oligonucleotide through its chemical
modification

from

a single

point (chain

end ACRYD

electrochemical stability and loose integrations o f the

modification) showed

lower

polymerisable oligonucleotide

sequence. Observed lower electrochemical stability might cause aggregation o f the MIP NPs
and loosely integrated oligonucleotide could constantly change their conformation resulting
into compromised template recognition performance (as discussed earlier in Sections 5.5.2
and 5.5.3).
To test the hypothesis, template recognition analysis of the prepared MIP NPs was carried out
using QCM. In the analysis, the template [poly(AGCT)3] was immobilised on the QCM gold
crystal by using the same immobilisation strategy as was used during solid phase synthesis o f
these OligoMIP NPs. This was done to ensure that the template was orientated in exactly the
same direction as it was during the polymerisation and thereby would favour its recognition by
the MIP NPs. Different OligoMIP NPs formulations were flown through the flowcell containing
template immobilised on the crystal. PlainMIP NPs
within their matrix were also used

havingimmobilised nooligonucleotide

for a comparative analysis with the OligoMIP NPs

(oligonucleotide immobilised MIP NPs). Different concentrations of all the OligoMIP NPs and
PlainMIP NPs were injected through the QCM flowcell under identical conditions to obtain
comparable results and the obtained QCM sensorgrams were plotted as seen in Figure 5.18.
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Figure 5.18: Template rebinding analysis by QCM; (a) A typical QCM sensorgram obtained by
rebinding different control MIP NPs (Plain, PolyT ACRYD, and PolyT*12 MIP NPs) on a
Poly(AGCT)3 oligonucleotide derivatised gold surface; arrows indicate the points o f injection;
(b) Rebinding performance of control NPs (Plain, PolyT ACRYD, and PolyT*12 MIP NPs) to
Poly(AGCT)3 functionalised gold surface; (c) A typical QCM response obtained by rebinding
Poly(AGCT)3 ACRYD MIP NPs and Poly(AGCT*)3 MIP NPs to the complem entary tem plate
oligonucleotide Poly(AGCT)3 derived gold surface; arrows indicate the points o f injection; (d)
Rebinding

performance

of

Poly(AGCT)3 ACRYD

and

Poly(AGCT*)3 MIP

NPs to

the

complementary Poly(AGCT)3 derived gold surface. Drop in frequency (on the Y-axis) indicates
the binding event o f the MIP NPs to the surface-immobilised oligonucleotide sequence. QCM
measurements were performed in PBS (0.03 M, pH 7.4) at 20 °C fo r the NPs concentrations
from 0.125 to 2 pg mL"1; error bars representing ±1 SD (n = 3).
The obtained QCM sensorgrams suggested that the Plain, PolyT ACRYD and PolyT*12 MIP NPs
did not exhibit considerable binding when tested against the tem plate [poly(AGCT)3] as none
o f these MIP NPs showed drop in the oscillation frequency o f QCM crystal by no more than 1.5
units (as seen in Figures 5.18a and 5.18b). This was an expected behavior because according to
the principle o f base pairing in oligonucleotides, the tem plate [poly(AGCT)3] would not
selectively bind to any o f the polymerisable nucleotides present w ithin the mentioned MIP NPs
Such poor and inconsistent base pairing (as seen in Figure 5.18a and 5.18b) between the
tem plate

and

polymerisable

oligonucleotide

during

polymerisation

might

generate

heterogeneous binding sites w ithin the resulting MIP NPs matrix resulting into th e ir poor
tem plate recognition, as observed.
To understand this hypothesis further, poly(AGCT)3 bearing MIP NPs were also tested fo r th e ir
tem plate poly(AGCT)3 recognition performance in identical manner and QCM sensorgrams
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were recorded. When flown through the immobilised template, Poly(AGCT)3 ACRYD MIP NPs
dropped the oscillation frequency o f the gold crystal by about one unit; however Poly(AGCT*)3
MIP NPs dropped it by more than 6 units (as seen in Figure 5.18c and 5.18d). This indicated
that Poly(AGCT*)3MIP NPs exhibited considerably higher binding to the template [poly(AGCT)3]
than Poly(AGCT)3 ACRYD MIP NPs. It was interesting to observe that although Poly(AGCT)3
ACRYD MIP NPs contained the exact fitting base pair sequence to that of the template, they
failed to improve template recognition any further than that achieved with the control MIP
NPs (as seen in Figures 5.18a and 5.18b). This suggested that the only possible reason fo r the
observed difference in the performances o f Poly(AGCT)3 MIP NPs and Poly(AGCT*)3 MIP NPs
must be due to the differences in the chemical modification strategies used to incorporate
oligonucleotides within them.
This was in agreement with the hypothesis chemical modifications obtained on the nitrogen
bases in addition to the ACRYD modification o f oligonucleotides could provide multiple points
for better integration into polymeric NPs. This in turn could help in holding oligonucleotide
"locked" in its favourable conformation for improved template recognition. On the other hand,
oligonucleotide incorporation into polymer backbones just through single point (by their
ACRYD) modification might not be sufficient to

improve their template recognition

performance. Moreover, the results obtained from electron microscopy, DLS and zeta
potential analysis of Poly(AGCT*)3MIP NPs suggested that their improved template recognition
was achieved w ithout affecting their size and dispersibility (as discussed in Sections 5.5.1, 5.5.2
and 5.5.3).
To investigate these findings further, these MIP NPs were also tested against polyA (12 base
pairs) immobilised gold surface in identical manner. From the results obtained so far, it could
be hypothesised that successfully imprinted poly(AGCT*)3 MIP NPs [imprinted for the template
poly(AGCT)3] would not show recognition o f polyA template due to lack o f exact base pair
fitting between them. The hypothesis was tested further by performing their QCM analysis and
the obtained sensorgrams were plotted as shown in Figure 5.19.
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Figure 5.19: Cross-reactivity study of the OligoMIP NPs: (a) A typical QCM sensorgram
obtained by injecting Poly(AGCT)3 ACRYD and Poly(AGCT*)3 MIP NPs onto a PolyA (12mer)
functionalised gold crystal; arrows indicating the points o f injection o f OligoMIP NPs; (b)
Rebinding performance o f Poly(AGCT)3 ACRYD and Poly(AGCT*)3 MIP NPs to a polyA (12 base
pairs) functionalised gold surface. Drop in frequency (on the Y-axis) indicates the binding event
o f the MIP NPs to the surface-immobilised oligonucleotide sequence. QCM measurements
were performed in PBS (0.03 M, pH 7.4) at 20 °C fo r the NPs concentrations from 0.125 to 2 pg
mL-1.; error bars representing ±1 SD (n = 3).
The obtained sensorgrams suggested that Poly(AGCT)3 MIP NPs showed very little binding to
the tem plate (polyA, 12 base pairs) since the oscillation frequency o f the crystal did not drop
by more than 2 units (as seen in Figures 5.19a and 5.19b). This was in agreement w ith the
hypothesis th a t the OligoMIP NPs im printed w ith poly(AGCT)3 showed selective recognition of
its tem plate [poly(AGCT)3] but showed little recognition o f a closely related oligonucleotide
(polyA) (as seen in Figures 5.19c and 5.19d). From this, it could be suggested th a t incorporating
an oligonucleotide (complimentary to the tem plate oligonucleotide) into polymeric NPs was
the key to achieving successful im printing and thereby selective tem plate recognition.
Development o f MIP based nanomaterials fo r DNA recognition had not been reported until
some recent findings by our research group. However, one study recently obtained
incorporation of ACRYD modified nucleosides into polymers to develop bio-sensing platforms.
The study explored use o f ACRYD m odifications fo r integration o f aptamer sequences into
hydrogels fo r subsequent recognition o f its viral target. ACRYD modifications used in the study
were prepared in the form o f grating followed by tem plate recognition analysis perform ed by a
laser diffraction bio-sensing platform based on the shrinkage and swelling behavior o f
hydrogels. Although the study reported a successful gel im printing system, it did not explore
any chemical modifications o f the nucleic acid other than its phosphoramidite derivatives
(widely regarded as Acrydite™). The study also used different polymer form at than NPs and
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even used a different sensing platform than QCM. Therefore, it could not be directly compared
to the study reported here (75).
For a more direct comparison, the obtained results were correlated w ith other recent studies
reported by our research group where chemically modified aptam er sequences were
developed fo r the recognition o f its target molecule. Chemical modifications achieved in the
study were similar to those proposed in the present study wherein an aptamer sequence was
modified from m ultiple points via C-5 substitutions o f its nitrogen bases in addition to its chain
end m odification obtained

by phosphoramidite strategy. These were then covalently

incorporated into polymer NPs in the presence o f its target to achieve suitable 3D folding of
the aptamer. When aptamer tethered NPs were analysed fo r th e ir target recognition
performance, they exhibited improved recognition of the target as compared to the natural
aptam er itself and even the commercially available phosphoramidite modified aptamer
tethered

NPs (57). This suggested th a t the

proposed strategy o f m ultiple chemical

modifications o f aptamers helped in improving the target recognition performance o f aptamer
tethered MIP NPs. The improvem ent in the tem plate recognition performance observed in
both the studies suggested th a t the proposed chemical modifications could be used for
developing polymer based recognition materials w ith smaller aptamer targets as well as short
oligonucleotide sequences (12 base pairs) (57). The reproducible results achieved so far
strongly recommended that the proposed strategy could be analysed even fu rth e r fo r
developing polymeric materials fo r the recognition o f entire DNA molecules o f various
biochemical interests.
In another study, MIP NPs were prepared in identical manner but fo r the recognition o f
nucleosides where deoxyuridine (dU) was incorporated into polymer NPs by its chemical
modifications in the presence o f different tem plate nucleosides (dA, dC and dG). The tem plate
recognition studies were then performed by QCM analysis which suggested th a t the
recognition o f the tem plate nucleoside was improved when the MIP NPs were prepared by the
proposed strategy. In other words, chemical modifications o f a nucleoside on the C-5 position
in addition to its phosphoramidite (ACRYD) modifications not only improved its integration into
the polymer backbone but also resulted in its improved tem plate recognition performance in
comparison to the PlainMIP NPs (prepared just with the traditional monomers w ith o u t
integration o f any nucleoside) as well as ACRYD modified nucleoside tethered MIP NPs (36).
This is exactly what was observed in the presented study fo r the recognition o f oligonucleotide
templates.
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Such direct comparison o f the obtained results with those obtained from previous studies
helped in understanding reproducibility and transferability of the proposed strategy. One of
the important findings was that the improvement in template recognition performance could
be achieved fo r nucleoside as well as for short chain oligonucleotide (12 base pairs) templates
by combining the virtues o f molecular imprinting together with the solid phase oligonucleotide
synthesis. This finding could be very encouraging especially when all the commercially
available oligonucleotide sequences would only contain ACRYD modifications fo r developing
different bio-sensing platforms; whereas the strategies proposed in the present study could
attain improved recognition performance even further than the ACRYD modification
strategies. This would not even rule out a possibility of exploiting multiple chemical
modifications for simultaneous tagging o f nucleic acids with dye or drug molecules for
potential diagnostic and therapeutic applications together with improved electrochemical
stability which could open up several other possibilities in developing even better recognition
materials.
5.6. Summary
The aim o f this study was to develop polymeric materials fo r the improvement o f DNA
recognition. To this end, the study combined renowned techniques o f molecular imprinting
and solid phase oligonucleotide synthesis to introduce selective recognition towards template
oligonucleotide by incorporating oligonucleotide sequence as "additional monomer" into the
matrix o f polymer NPs. To ensure the best base pair fit between these oligonucleotides, they
were allowed to attain equilibrium by forming hydrogen bonds through their nitrogen bases.
The template was immobilised on a solid phase whilst its complimentary oligonucleotide was
chemically modified to be covalently incorporated into the backbone o f the resulting polymer
nanogel. The OligoMIP NPs were successfully prepared having incorporated oligonucleotide as
"additional monomer". Temperature sensitive nature o f the polymer nanogel was exploited in
releasing formed NPs from the solid phase whilst regenerating the immobilised template
oligonucleotide for further rounds o f synthesis.
To

enhance

the

recognition

of

the

template

[poly(AGCT)3],

chemically

modified

oligonucleotides were covalently incorporated into different formulations, such as;
•

PlainMIP NPs (NPs obtained without the integration of oligonucleotide sequence) used
as a control,

•

PolyT ACRYD and Poly(AGCT)3 ACRYD MIP NPs (NPs obtained with the integration of
ACRYD modified oligonucleotide sequence) and
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•

PolyT*12 and Poly(AGCT*)3 MIP NPs (NPs obtained w ith the integration o f ACRYD as
well as base modified oligonucleotide sequence)

Physical analysis o f the prepared MIP NPs by electron microscopy and dynamic light scattering
suggested th a t the form ulations contained spheroid shaped NPs w ith similar particle size
distribution. In other words, incorporation o f oligonucleotide did not alter either shape or size
o f the resulting MIP NPs. The mean particle diam eter o f the developed OligoMIP NPs was also
comparable to th a t of natural antibodies. When analysed fo r th e ir electrochemical stability by
zeta potential analysis, it was found th a t the incorporation o f oligonucleotides into the
polymer backbone generally improved th e ir stability in comparison to the PlainMIP NPs
prepared w ith o u t having incorporated any oligonucleotide in their matrix.
Furthermore, the improvem ent in the stability o f the OligoMIP NPs was found to be
dependent on the type o f chemical modification used fo r the covalent integration o f this
oligonucleotide into MIP matrix. In this regard, the MIP NPs having incorporated modified
oligonucleotides through m ultiple modifications (C-5 base modification in addition to the chain
end

ACRYD

m odification)

exhibited

higher

stability

than

the

MIP

NPs

containing

oligonucleotides with single modification (ACRYD modification). When Poly(AGCT*)3 MIP NPs
were analysed fo r th e ir tem plate recognition performance by QCM analysis, they exhibited
strong base pair matching by selectively recognising its tem plate [poly(AGCT)3]; however it did
not show recognition o f a different oligonucleotide (polyA). In a similar way, Poly(AGCT*)3 MIP
NPs showed improved recognition o f the tem plate [poly(AGCT)3]; whereas PolyT MIP NPs
could not recognise this tem plate due to lack o f base pairing.
Another interesting observation was made which suggested th a t improved tem plate
recognition was not achieved just w ith the incorporation o f com plimentary oligonucleotide
[poly(AGCT)3] in the MIP NPs. It was rather dependent on what chemical modification strategy
was used to incorporate them into the NPs. Single point ACRYD modification o f poly(AGCT)3
clearly did not recognise the tem plate [poly(AGCT)3] any better than th a t achieved by PolyT
MIP NPs or even PlainMIP NPs. On the other hand, MIP NPs having incorporated
oligonucleotide through its chemical modification from m ultiple points (m odification o f their
bases along w ith

its ACRYD m odification)

exhibited

significantly

improved

tem plate

recognition.
Correlation o f physical analysis to tem plate recognition performance o f the OligoMIP NPs
strongly recommended th a t the chemical modification o f oligonucleotides from m ultiple
points helped in holding it "locked" into tem plate selective conformation w ithin polym er NPs
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which not only improved th e ir dispersibility but also improved th e ir tem plate recognition
performance.

On

the

other

hand,

commercially

used

chain

end

modifications

of

oligonucleotides (single point modifications) resulted into its loose packing w ithin the polymer
NPs which resulted into poorly dispersed MIP NPs. Obtained MIP NPs in this way also showed
poor tem plate recognition performance which might be due to its constantly changing
conform ation imparted by single point attachments to the polymer.
From the results obtained during this study, it could be strongly recommended that exact base
pair matching o f the oligonucleotides alone might not be sufficient to improve the target
recognition performance. Introduction o f a chemically modified recognition element (such as
an oligonucleotide sequence used in this study) into cross-linked polymeric backbone was the
key factor in attaining highly selective binding sites fo r tem plate recognition in comparison to
traditional polymer NPs (PlainMIP NPs). The proposed strategy o f incorporating uniquely
modified oligonucleotides w ithin NPs matrix could be fu rther investigated fo r improving
recognition o f longer oligonucleotide sequences or even entire DNA molecules o f bio-chemical
importance.

5.7. Future work
During this study, some o f the data were collected to investigate the am ount o f immobilised
oligonucleotides, which would be investigated further in improving the protocol fo r future
studies. This might be particularly useful since increasing the amount o f the immobilised
tem plate could increase the yields o f the resulting MIP NPs. Perhaps, this strategy could be
explored furthe r fo r the development o f the MIP NPs w ith m ultiple binding sites fo r the
tem plate; particularly small molecule being used as templates could significantly enhance the
available

surface area

even furth er

and thereby

improve the tem plate

recognition

performance o f the developed MIP NPs.
In this study the analysis of the MIP NPs was carried out in physiological conditions. However,
it would be interesting to study the effect o f different pH conditions on the particle size and
zeta potential to investigate other potential applications in developing bio-sensing platforms.
Although the length o f the polymerisation was kept constant during this study, it m ight also be
useful to study the effect o f different polymerisation times on the particle size o f resulting MIP
NPs fo r a redox initiated polymerisation, as used in the study. The strategy o f m ultiple
chemical modifications used in this study could also be potentially exploited fo r labelling o f the
oligonucleotide entities with dyes or even metals (iron or copper) for improving recognition of
faulty genetic biomarkers in biological samples.
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It would be interesting to study if shorter polypeptides or even large proteins could be
imprinted by incorporating mRNA sequences into MIP NPs by using the proposed technique.
Since the mean particle size o f these OligoMIP NPs was smaller than 100 nm; it would not
either rule out potential use of the developed OligoMIP NPs for in vivo diagnostics.
Temperature responsive PAAm based nanogels with the incorporation o f uniquely modified
oligonucleotides could also be used fo r labelling drugs and contrast agents to provide
simultaneous therapeutic and diagnostic (theranostic) platforms upon detecting faulty genetic
bio-markers.
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This chapter w ill summarise the findings discussed in the previous chapters and will also
discuss potential future implications o f the obtained findings later in this chapter. Section 6.1
summarises the results and discusses them briefly here.
6.1. General Discussion
In brief review, the introductory Chapter 1 laid out the foundation and structure o f the
presented thesis by describing its aim and objectives.
Chapter 2 presented a review o f the literature to lead into the experimental case studies that
were to be presented in the following Chapters. To begin with, it discussed the principle and
types o f molecular imprinting commonly used for developing selective recognition polymers. It
emphasised the importance o f the experimental parameters involved with a typical
polymerisation protocol since they would largely reflect on both the physical properties and
the recognition performance o f the resulting polymers. The discussion also outlined the
characteristics and the effects o f different polymer formats and their preparation methods on
the physicochemical properties o f the prepared polymers. With the aid o f literature, this
highlighted the need and the motivation behind conducting the experiments presented in this
report.
In Chapter 3, polymerisation by microwave energy was investigated as a possible alternative
method fo r the development of MIPs in comparison to traditional methods (such as, oven and
UV polymerisation). The obtained results demonstrated:
•

MW polymerisations were extremely fast and produced MIP monoliths with
comparable

recognition

performance

to

that

produced

by

oven

and

UV

polymerisations.
•

Controlled rates o f heating obtained in a MW polymerisation could produce polymers
with considerable differences in their cross-linking degree, surface area, thermal
stability and even porosity.

Another objective o f this study was to understand the effect o f different experimental
parameters (such as polymerisation rate, time and temperature) on the physical properties
as well as recognition performance o f the MW MIPs. The obtained results indicated:
•

Slower polymerisations produced MIPs with higher cross-linking degree and lower
thermal stability. The MIPs showed higher surface area, improved recognition
performance and improved imprinting efficiency too.
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•

Different lengths o f polymerisation slightly affected physical properties o f the MIPs.
Shorter polymerisation times, such as 5 minutes o f MW polymerisation and 4-8 hours
o f oven and UV polymerisations were sufficient to produce MIPs w ith optim um crosslinking degree, surface area, recognition performance and even im printing efficiencies.
Extended polymerisations either maintained or deteriorated mentioned characteristics
o f MIPs.

•

Improved surface area did not necessarily result into improvem ent in the tem plate
recognition performance o f the MIPs. Formation o f tem plate selective binding sites
w ithin the MIPs was influenced by th e ir polymerisation tem perature and cross-linking
degree too.

•

Polymerisation kinetics was crucial in producing stable m onom er-tem plate cavities
which produced highly tem plate selective binding cavities. On the other hand,
sufficient degree o f cross-linking was essential in maintaining the integrity o f the
created tem plate selective binding cavities.

These findings suggest tha t fu rther

investigations o f MW

as a suitable

alternative

polymerisation technique to develop im printed polymers are warranted.
The aim o f the study presented in Chapter 4 was to develop cross-linked polymers as
alternative recognition materials to be used in ToxiQuant technology fo r selective mycotoxin
recognition. To this end, polymers o f the same component mixture were prepared in different
form ats by using different methods. Following from Chapter 3, the primary method o f
preparation was MW polymerisation to generate polymers w ith faster and automated
preparation protocols fo r industrial applications. The experimental parameters were chosen
such th a t the analysis o f both the caffeine MIPs and ToxiQuant MW polymers were
comparable. The trends observed in the mentioned properties were in strong agreement w ith
the results obtained earlier from the study o f caffeine MW MIPs which suggested:
•

Physical properties and mycotoxin recognition performance o f the ToxiQuant MW
polymers (such as, cross-linking degree, therm al stability, surface area, pore volumes,
pore size and morphology) were affected considerably by the polymerisation rates
(MW powers) used fo r their preparation.

•

The

composition

physicochemical

of

pre-polymerisation

properties

o f the

mixture

resulting

was

polymers

less
than

influential
the

on

the

experimental

parameters used fo r th e ir preparation.
•

Both the studies (caffeine MW MIPs and ToxiQuant MW polymers) collectively found
that the change in the composition o f the monomer mixture did not affect the size o f
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the pores created in the resulting polymers; the pore sizes were mainly affected by the
polymerisation rates (MW powers) used fo r their preparation.
•

Different monomer compositions led to considerable differences in the AFT clean-up
and AFT recovery performances o f the resulting polymers.

•

The developed polymers could obtain comparable AFT clean-up efficiency; however
the recoveries o f immobilised AFT in the subsequent steps were considerably low
when compared to that o f existing recognition materials used in ToxiQuant.

The results obtained were in agreement with the study presented in Chapter 3 and
strongly recommended that MW polymerisation could be investigated further as a suitable
alternative polymerisation technique to develop non-imprinted or molecularly imprinted
polymers.
The study also reported preparation o f polymer microparticles by suspension and core
shell polymerisations. Preparation o f the suspension microparticles involved the study and
optimisation o f multiple experimental parameters and reaction components involved in its
preparation. The obtained results suggested:
•

Electron microscopy studies indicated that the obtained suspension polymers were
spherical, porous and within the desired particle size distribution.

•

Precipitation

polymerisation

produced

homogenous

formulations

of

polymer

microspheres with average particle size of less than 10 pm and were further used as
cores in developing core-shell microparticles.
•

Core-shell microparticles were prepared by an earlier protocol reported and the
resulting particles were analysed by electron microscopy. This suggested that the
preparation of core-shell polymer microparticles needed further investigation by using
other protocols since the resulting microparticles did not contain desired physical
properties.

These methods remain effective in the development o f recognition polymers but proved not
suitable for the requirements o f mycotoxin absorption in this required setting.
The aim o f the study presented in Chapter 5 was to develop polymeric materials capable of
targeted DNA recognition. To enhance the recognition of the template [poly(AGCT)3],
chemically modified oligonucleotides were covalently incorporated as additional monomers
into the backbone o f resulting OligoMIP NPs. The developed MIP NPs were then analysed for
their physical properties and oligonucleotide recognition performance. The obtained results
indicated:
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•

Electron microscopic and light scattering analysis o f the OligoMIP NPs suggested that
the formulations contained spheroid shaped NPs with much similar particle size
distribution.

•

Incorporation o f oligonucleotide did not alter either shape or size o f the MIP NPs. The
mean particle diameter o f the developed OligoMIP NPs was also comparable to that of
natural Abs.

•

Zeta potential analysis suggested that the incorporation o f oligonucleotides (as
additional monomers) into the backbone o f OligoMIP NPs generally improved their
stability in comparison to the PlainMIP NPs which was prepared without having
incorporated any oligonucleotide in their matrix.

•

MIP

NPs

having

incorporated

modified

oligonucleotides

through

multiple

modifications (C-5 base modification in addition to the chain end ACRYD modification)
exhibited

higher

electrochemical

stability

than

the

MIP

NPs

containing

oligonucleotides with single modification (commercially used ACRYD modification).
•

QCM analysis suggested that Poly(AGCT*)3 MIP NPs exhibited strong base pair
matching ability by selectively recognising its template [poly(AGCT)3]; however it did
not show recognition o f a different oligonucleotide (polyA). Likewise, Poly(AGCT*)3
MIP NPs showed improved recognition of the template [poly(AGCT)3]; whereas PolyT
MIP NPs could not recognise this template due to lack of base pairing.

•

Chemical modification o f oligonucleotides from multiple points helped in holding it
"locked" into template selective conformation within polymer NPs which not only
improved

their

dispersibility

but

also

improved

their template

recognition

performance.

This strongly recommended that the proposed strategy o f incorporating uniquely modified
oligonucleotides within NPs matrix could be further investigated for improving recognition o f
longer oligonucleotide sequences or even entire DNA molecules of bio-chemical importance.
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6.2. Future work
The aim of the presented thesis was to develop polymeric materials for selective recognition of
different chemical and biological analytes. To this end, different polymeric materials have been
developed (as presented in Chapters 3 ,4 and 5).
The study presented in Chapter 3 offers insight into the flexibility o f the MW as a tool for
generating MIPs.
Further studies in this area should include:
•

Further comparative studies between MW generated and other formats using a wide
range o f physical techniques, including porosity characters (such as, surface area, pore
volume and pore radii).

•

An expansion o f the study to other templates to demonstrate the capabilities o f the
MW reactor. These should include templates with ranging polarity, size and stability.

•

The heating profiles and reactivity o f compounds within a MW reactor often depend
on the polarity and dielectric constants o f the components. A study into different
monomers, cross-linking monomer and solvents should be undertaken.

•

Different initiators may allow fo r the rate of polymerisation to be affected, hence
affect the properties o f the polymers. Likewise differing temperatures could be used.

•

With additional attachments to the instrument, MW reactors could also be further
investigated fo r the development o f polymer microparticles by different dispersion
polymerisation methods.

Since the physical make up o f a polymer holds the key to its recognition performance, this
study can help in generating different MW polymerisation protocols to prepare polymers with
predictable physical properties and thereby analyte recognition performance.
In Chapter 4, non-imprinted polymers have been developed for mycotoxin recognition. The
polymers have been prepared in different formats by using different methods. Prepared
microparticles by suspension polymerisation will be studied further for their mycotoxin
recognition performance. Alongside, newer core-shell polymerisation strategies will be
developed to prepare microparticles and study them fo r their mycotoxin clean-up and
recovery performances. This will help developing a coherent study to understand the
mycotoxin recognition performance o f different polymer formats prepared by MW, oven,
suspension and core-shell polymerisations. This in turn will help in selecting the best polymeric
material fo r the future ToxiQuant technology and develop research strategies accordingly.
Besides HPLC analysis, the future studies will also be performed on the ToxiQuant prototype to
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generate a direct comparison between the two methods and to implement the use of
polymers from the lab to the end user mycotoxin detection kits.
In Chapter 5, oligonucleotide imprinted NPs (OligoMIP NPs) have been developed for
recognition of oligonucleotide, in this study, the analysis o f the MIP NPs has been carried out
in physiological conditions. However, more experiments will be carried out to study the effect
o f different pH conditions on both the particle size and zeta potential o f the resulting MIP NPs
to investigate their other potential applications in developing bio-sensing platforms.
Study o f the effect o f different polymerisation times will also be performed to investigate its
effect on the particle size o f resulting MIP NPs. The developed NPs are also currently being
investigated as recognition elements in ELISA style assays for the recognition o f nucleosides
and oligonucleotides. This exciting study can open up an entire new domain for the use o f MIP
NPs fo r the detection o f cancer biomarkers from clinical samples as well. Since the prepared
MIP NPs are smaller than 100 nm and are developed in physiological conditions, they may
potentially be studied for in vivo diagnostics too.
Further work that is specific to this study would be:
•

A study to see if the affinity observed by the OligoMIP NPs towards their
corresponding sequences is affected by single base pair alteration/mutation/deletions;
and hence in turn observe whether oligo-MIPs can be potentially used fo r diagnostic
tools.

•

To explore if DNA bound to a polymer via a multi-point binding can maintain its
sequence specificity and high affinity beyond the 12 base pairs lim it demonstrated in
proof-of-concept work.

•

To analyse further potential binding chemistries between DNA and polymer, beyond
those demonstrated in the prior work, which will allow: (a) the formation o f Oligo-MIP
NPs in other formats; and (b) improve the affinities observed in the prior work.
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Calibration curve fo r monomer conversion studies
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