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ABSTRACT

This work explores the potential of two signal transduction mechanisms for molecularly

imprinted polymers (MIPs) primarily for the detection of (-)-ephedrine (EPD).

Firstly, gold nanoparticles were utilised resulting in a surface plasmon resonance based
detection mechanism. Poly(acrylic acid-co-N’-isopropylacrylamide-co-N,N’-
methylenebisacrylamide) (PAA-IPA-MBA), a conventional cross-linked MIP film, and
poly(acrylic acid-co-acrylonitrile-co-methyl methacrylate) (PAA-AN-MMA), a phase-inversed
2D MIP film, were investigated. Gold nanoparticles were prepared and embedded into these
polymers, with the resulting MIP systems demonstrating good selectivity and specificity for
EPD. Spectroscopic detection studies based on hypsochromic shift in the wavelength of
maximum absorbance in the surface plasmon resonance (SPR) of the embedded gold
nanoparticles were performed. While SPR response was not observed for PAA-IPA-MBA,
PAA-AN-MMA MIP films exhibited prominent shifts of up to 15nm after as little as 10 minutes
of EPD sorption. Wavelengths shift observed in the non-imprinted PAA-AN-MMA after EPD
sorption was minimal (<8 nm) signifying MIP selectivity and significantly reduced (<5 nm) in
the presence of template analogues signifying MIP specificity. To the best of our knowledge,
this is the first time SPR signal has been observed in 2D MIP films.

Secondly, a composite of molecularly imprinted and poly(3,4-ethylenedioxythiophene):
polystyrenesulfonic acid (PEDOT:PSS) conductive polymer (CP) was developed for the
detection of EPD. 3-Methylthienyl methacrylate (MTMA) was successfully used as a dual
purpose monomer to link between the CP (via its thiophene moiety) and MIP (via its vinylic
group) components of the composite. Composite particles of PEDOT:PSS and cross-linked MIP
of acrylic acid and methylenebisacrylamide afforded the highest level of MIP binding
(0.91umol/mg after 2 hours) and selectivity (imprinting factor of 27 obtained after 10 minutes
stabilising to 11 after 2 hours). While this CP-MIP composite particles lost its selectivity when
embedded into a PEDOT:PSS conductive matrix (to allow electrochemical detection) due to
significant non-selective interaction between EPD and the PSS in excess, we have
demonstrated, for the first time, the potential of a CP-MIP composite for electrochemical

sensing given the right conditions and matrix.

The design and formulation of all MIPs investigated in this study are supported by interaction
studies between monomers and analytes (template and competing analogues) using semi-

empirical molecular modelling and NMR spectroscopy.
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CHAPTER 1- INTRODUCTION

1.1 Hlicit Drug Detection

Ilicit drugs are a serious world problem costing thousands of lives and millions of
dollars'. The majority of these illicit drugs fall into 4 main categories — cannabis,
cocaine, opiates (including heroin) and amphetamine-type substances (ATS) (including
ice and ecstasy). Between 1997 and 2010, over 100 tonne of drugs from these 4 main

categories have been seized by law enforcement in Australia (Figure 1.1).
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Figure 1.1 Australian seizures of Cannabis, Amphetamine-type substances (ATS), Cocaine and Opiates.

Research by the National Drug Research Institute estimates that in 2010, illicit drugs
were responsible for up to 253,000 deaths worldwide®®. Reducing the supply of drugs to
the consumer market is a vital step in the elimination of the drug problem that plagues
the world community. The scientific analysis of drugs is a vital component in the ‘war
on drugs’ which makes it necessary to reliably identify a huge variety of drugs often in

remote locations'® 3,
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Methods of drug detection are varied but often limited with respect to accuracy,
specificity or the types of drugs which can be detected. Using cocaine as an example,
current methods* used for detection include a variety of lab based instrumental
techniques including thermal analysis®, gas chromatography?®, infrared spectroscopy’,

mass spectrometry® 8

and thin layer chromatography®. Other detection methods also
include in-field colour and smell tests™ as well as combinatorial approaches™ involving

several techniques.

Canine detection of narcotics is also possible however this relies on the olfactory system
of highly trained dogs. As such it is limited by the attention span of the dog and the
amount of reliable scientific information they can provide. In addition, the care, training
and handling of the dogs can become expensive. As a result, this form of detection is
primarily limited to border entry points such as airports and wharfs'2. Detection
methods such as chromatography and spectroscopy, while being both very specific and
accurate, often require the use of large and expensive equipment that are almost
exclusively used in the laboratory environment. This makes them incompatible for use
with in-field testing. Mobile or in-field analysis is primarily limited to colour tests,
which have varying degrees of sensitivity and specificity and may not react with all
drug derivatives. In addition, these colour test may react positively to licit substances.
This makes false positives and false negatives a possibility, making them less than ideal
as they are only used as presumptive tests and subsequent laboratory analysis is
necessary. When dealing with large numbers of samples, these tests can become time-
consuming and expensive and may necessitate the need for large amounts of the
reagent. The solvents used in these tests are often dangerous and require specific
handling making them less than ideal for transportation to remote locations®®. In-field
detection allows evidence to be collected quickly to be used in both ongoing police

investigations and eventual prosecutions of drug users and particularly drug traffickers.

The focus of this project is the detection of amphetamine-type substances (ATS). ATS
refer to a group of synthetic substances which include amphetamine and ecstasy and
their analogues as shown in Figures 1.2 and 1.3, respectively. The compounds shown in

these two figures are the more common analogues available, however, even with only
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simple substitutions and structural variations the number of compounds that can fall

within this grouping is extremely large.

NH, N
N
Amphetamine Methamphetamine Ephedrine
OH 0] 0]
z H
NH, N
N
Pseudoephedrine Cathinone Methcathinone
~
\O @)
NH, @/YN H>
7
2,4-Dimethoxyamphetamine 4-Methoxyamphetamine

Figure 1.2 Amphetamine and some common analogues.
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3,4-Methylenedioxy-N- 3,4-Methylenedioxolyl-
ethylamphetamine (MDEA) butanamine (MBDB)
H
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Figure 1.3 Ecstasy (MDMA) and some common analogues.

The first of the amphetamine group of substances date back to the late nineteenth
century and were used (as they still are today) as nasal decongestants. The uncontrolled
use of amphetamines led to widespread misuse and by the 1970s national and
international control measures were introduced and licit pharmaceutical manufacture
was greatly reduced. As a result, clandestine manufacture of these substances became
the primary source for their supply. The ecstasy group of substances were first
synthesised in the early twentieth century but were found to have little therapeutic use.

During the 1990s however its recreational use increased considerably.**

All ATS are available in diverse forms including powder, tablet, paste or crystalline
form and vary in purity. ATS do not require crop cultivation such as coca leaf or opium
poppy required for the synthesis of cocaine and opiates, respectively. As such they are
not limited to specific geographic locations, thus clandestine laboratories can operate

anywhere and can are often placed close to consumer markets. This makes the number
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of laboratories and amount of ATS being manufactured difficult to determine
accurately.

Total worldwide seizures of ATS reached over 67 tonne in 2010. Figure 1.1 shows a
steady rate of ATS seizures in Australia since 2001-02 of approximately 1-2 tons
annually, with the exception of 2006-07 which saw a significant increase in ATS
seizures to over 5 tons. Australian ATS seizures since 2001-02 have been greater than
cocaine and opiates combined. An estimated 2.4% and 3.0% of the Australian
population used ATS and ecstasy, respectively, at least once in 2010 compared with

10.3%, 2.1%, and 3.4% for cannabis, cocaine and opiates, respectively.'® %1

ATS can be synthesised from a variety of starting materials using a range of methods.
This means that a large number of precursor chemicals must be monitored. Since many
of these precursors are relatively common chemicals with benign and licit uses, this
makes precursor control difficult. For methamphetamine, the most common precursor
compounds are ephedrine and pseudoephedrine due to their availability in cold and flu
medications. This makes ATS a high profit, low risk drug from a manufacturing

standpoint, resulting in a greatly increased availability.?

This study aims to explore detection mechanisms for forensic applications by using (-)-

ephedrine, an ATS, as a model analyte.
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1.2 Molecular Imprinting

1.2.1 Background to Molecular Imprinting

Molecularly imprinting is a relatively new approach to molecular recognition that
mimics biological recognition such as that involved in proteins, enzymes and nucleic
acid activity. The process of molecular imprinting was developed to allow molecular

recognition for specific target molecules with more stability and longer shelf lives.

In molecular imprinting, the detection target is used as a template around which
functional monomers arrange themselves such that their functional groups are
complementary to the template. This complex then undergoes polymerisation, usually
with a second crosslinking monomer, causing the functional monomers to be
immobilised. By subsequently removing the template from the system, a cavity or
hollow is left which is specific to the size, shape and functionality of the template. This
molecularly imprinted polymer (MIP) is then capable of molecular recognition when the
template is reintroduced. Figure 1.4 below depicts a graphical representation of the

molecular imprinting process.

0 5= B

Monomers Template POLYMERISATION

EXTRACTION

Figure 1.4 Overview of molecular imprinting. Reproduced from Mizaikoff (2001)**
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In order to properly assess the performance of a MIP and the efficiency of the
Imprinting process, it is necessary to produce a non-imprinted polymer (NIP) to act as a
control. NIPs are produced in an identical way to a MIP but with the absence of the

template molecule.

Polymerisation is achieved primarily through free-radical or ionic initiation, although
ionic initiation is limited with respect to the monomers that can be used. Free radicals
are less selective due to their electrical neutrality and are generally a more useful
initiator for molecular imprinting. Initiation of free radical polymerisation can occur via
high-energy radiation or more commonly through addition of initiator molecules. These
initiator molecules are then activated thermally, photochemically, or via a separate
reaction. A chain carrier, or propagation radical, is then formed by the reaction a free
radical with a monomer unit, propagation then occurs quickly through addition of
monomer units to form linear polymer chains'’. The most commonly used free radical
initiators are 2,2’-azobis(isobutyronitrile) (AIBN) and 2,2’-azobis(2,4-
dimethylvaleronitrile) (ADVN).

1.2.2 Covalent vs. Non-Covalent Imprinting

The template-functional monomer complex is traditionally formed by either covalent or
non-covalent binding. A hybrid of these two methods known as semi-covalent
imprinting has also been reported. Following successful formation of a MIP, it is
necessary to completely remove any bound template molecules. This leaves behind a
template specific cavity which can be used for subsequent detection of the template.

The first covalent imprinting was reported by Wulff, G. et al. in 1977 with a 4-
nitrophenyl-o.-D-mannopyranoside template’®. Recent covalent imprinting has included
templates such as cholesteryl (4-vinyl)phenyl carbonate?’; nortriptyline®’; allyl phenyl

disulfide?’; propazine methacrylate?; and organotin species®”.
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In covalent imprinting the functional monomers are initially bound by a covalent
linkage before this covalent conjugate is polymerised such that the covalent linkage
remains intact. After polymerisation the covalent linkage is then cleaved in order to
remove the template leaving the template specific cavity. Upon reintroduction the
template reforms these covalent bonds. Since the functional monomer and template are
covalently linked, less non-specific binding cavities are formed resulting in improved

binding.

Covalent imprinting is not as popular as non-covalent imprinting because of the limited
monomers capable of forming covalent linkages to specific templates, often resulting in
the need for expensive and time consuming custom monomer synthesis. Harsh
conditions are also often required to cleave the template from the cavity which can
damage the polymer. Covalent imprinting also suffers from poor binding kinetics,

which results in slow rebinding times.

Non-covalent imprinting had its birth when in 1981 Arshady, R. and Mosbach, K.
successfully imprinted Rhodaline blue, Safranine O and 4-amino-benzeneethanamine
using non-covalent interactions®. Recent non-covalent imprinting has included
templates such as Nylon-62%; Dibenzofuran®’; Caffeine?®; Naringin®®; Cyclobarbital®;

Theophylline®:; Rhodamine B%; and Phenylalanine®.

In non-covalent imprinting the functional monomer connects to the template via non-
covalent interactions (e.g. hydrogen bonding, electrostatic interactions, and co-
ordination bond formation). Thus polymerisation can occur after simply mixing the
components and removal of the template is achieved through washing with an
appropriate solvent. Non-covalent imprinting is significantly easier to achieve than
covalent imprinting and is applicable to a far wider range of templates. Multiple non-
covalent interactions can be just as strong as a single covalent interaction and provide

greater interactions with the template, thus providing greater specificity.

The main disadvantage of non-covalent imprinting is the formation of binding sites with
varying specificity. The formation of the template functional monomer complex used in
non-covalent imprinting is an equilibrium driven process which relies typically relies on

an excess of the functional monomer. This results in a range of stoichiometries of the
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functional monomer to the template in the binding cavities as wells as functional
monomers unassociated with the template. The non-specific binding cavities formed as
a result can be minimised through optimisation of the functional monomer to template

ratio used in the polymerisation.

Because non-covalent imprinting is useful for a broader range of templates and it is
easier to achieve, it is the most suitable for the molecular recognition of illicit substance
such as drugs and explosives. Molecular imprinting has been used successfully in the
past for the recognition of illicit drugs including morphine®*, ephedrine® and cocaine **

37:38 and explosives such as TNT®.

In semi-covalent imprinting the functional monomer is covalently bound to the template
and polymerised in the same way as covalent imprinting. This limits the formation of
non-specific binding sites, the main disadvantage seen in non-covalent imprinting.
Following polymerisation the template is again cleaved from the binding cavity,
however these covalent bonds do not reform upon re-introduction of the template.
Instead template rebinding relies on non-covalent interactions which improves binding
Kinetics, resulting in faster rebinding times. Whilst semi-covalent imprinting has
advantages over both covalent and non-covalent imprinting, it is still limited by the

monomers capable of forming covalent linkages to specific templates.

1.2.3 MIP Design

Whatever type of molecular imprinting is used, whether covalent or non-covalent, the
template-monomer interaction is vital to successful recognition. In designing a MIP, the
most important aspect is the choice of functional monomer/s and cross-linking
monomer. The functional monomer/s (see Table 1.1 for examples) must have
favourable interactions with the target template so that a cavity with complimentary
functionality can be formed. This is most commonly achieved through hydrogen-
bonding and ion-pairing. The crosslinking monomer (See Table 1.2 for examples)
provides support and rigidity to the polymer allowing the functional monomers to
remain stationary. A large variety of monomers and cross-linkers exist which are both

cheap and commercially available.
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Table 1.1 Examples of functional monomers**

)\ CF;
#coou COOH %COOH

acrylic acid methacrylic acid  trifluoro-methacrylic acid
Z COOH
~Q ~0
N
COOH COOH Q/
4-vinylbenzoic acid itaconic acid 1-vinylimidazole

N
//l //I /\\/_\JNH

S N N=
2-vinylpyridine 4-vinylpyridine 4(5)-vinylimidazole

H
N
'L/\COOH /\Ir \|/\ SO3H
0

COOH

x

2-acrylamido-2-methyl-

4-vinylbenzyl-iminodiacetic acid 1-propane sulphonic acid

Table 1.2 Example of cross-linking monomers**

. v
4 [o] (o]

4-divinylbenzene N,N'-methylene-bisacrylamide
N
T J O
P Jk/
° NJ’I\/ \)I\N NS N
H H H
N,N'-phenylene-bisacrylamide 2,6-bisacrylamidopyridine
o]
0 /0)\(
O\AOL( o
o / \O)\(
ethylene glycol dimethacrylate '\0

'S

o]
trimethylolpropane
trimethacrylate

After an appropriate functional monomer has been chosen, it is necessary to determine
the number of functional monomer units per template molecule that will produce the
greatest template-monomer interactions. A sufficient template-monomer ratio is vital to
producing a MIP with the greatest possible selectivity to the template molecule.
Initially, this ideal template-monomer ratio was determined by trial and error. This

meant that MIPs having a huge range of template-monomer ratios needed to be

10
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produced in order to determine which had the best binding and specificity. This can be
extremely tedious, time-consuming and expensive. Molecular modelling and nuclear
magnetic resonance (NMR) titrations can be used to predict the performance of any
given template-monomer ratio drastically reducing the time and money previously used

during trial and error production.

1.2.4 Interaction Studies: Molecular Modelling and NMR Titrations

Molecular modelling using commercially available software (e.g. Spartan®,
Wavefunction Inc.) has been used previously to investigate template-monomer
interactions. This is of particular importance when developing systems based on non-
covalent interactions in order to assess the number and relative strength of the
interactions. Using molecular modelling software libraries of different functional
monomers can be screened in a fraction of the time previously required to synthesise

and then test the same number of polymers™.

Molecular modelling involves the creation of template-monomer cluster within the
software by placing two sets of virtual molecules together. Computational algorithms
within the software are then used to calculate valuable information from these clusters,
including enthalpy of formations and intermolecular distances. Energies of interaction
for each template-monomer ratio are then able to be calculated using (Equation 1)*,

AElnteraction = A|'|ftemplate—mon0mer complex — (AHf monomer cluster + AHftemplate) (Equation l)

When using Equation 1 to calculate the ideal template-monomer ratio it is important to
take into account monomer-monomer interactions within the cluster. These interactions
will often appear to favourably influence the energy within the template-monomer
cluster, but if they are not associating with the template then they are not contributing to
the stability of the imprints and must be ignored. Molecular modelling is useful in this
regard as inter- and intra-molecular distances can be calculated which allows the
determination of whether a given interaction is valuable to the imprinting process.

Distances of approximately 1-3A for example are within the limits of the hydrogen

11
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bonding™ required for template-monomer interactions. As with all computation
methods, molecular modelling is used only as estimation and must be confirmed

experimentally.

NMR titrations have also been used previously to investigate monomer template
interactions. NMR titrations can be used as a means to predict MIP performance for a
given template-monomer ratio*? and to select the predicted ideal template-monomer
ratio*. NMR titrations are carried out by adding increasing molar equivalents of the
monomer to a solution containing the template and monitoring chemical shift changes.
The chemical shifts of the functional groups within the system are sensitive to changes
in their surrounding chemical environment. By observing changes in chemical shifts of
individual atoms over incremental changes in monomer concentration, the optimal
template-monomer ratio can be predicted. When changes in chemical shift cease, it
indicates that the monomer has reached an excess and is no longer impacting on the

chemical shifts of the template.

The combination of NMR and Molecular modeling as predictive tools has been
successfully used in the design of a range of MIP systems, allowing the time and energy
normally wasted on trial and error MIP production to be bypassed. Examples of
templates successfully imprinted using this combinatorial approach include cocaine®,

ibuprofen**, theophylline®®, acetochlor*® and N-boc-L-phenylalanine®’.

1.2.5 MIP Configuration and Application

MIPS can be synthesised in an ever increasing range of application-minded formats.
Because the basic principle of MIP construction is so simple — self arrangement of a
template-monomer complex followed by polymerisation — the process can be applied to
a vast number of potential roles. MIP design and production is extremely flexible and
different configurations have been produced to suit a variety of situations and functions.
With intelligent design and the selection of an appropriate configuration MIPs can be

customised to suit nearly any purpose.

12
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One of the largest applications of MIPs is in the field of separation science. MIPs have
been used to coat fibres to act as selective sorbents for extraction purposes®,
incorporated into gels for use in chromatographic columns*, and as coatings for
capillary electrochromatography. Due to their ability to be selective to almost any given
compound, they are capable of separating compounds based on their selectivity to the
particular MIP used in the technique.

An emerging field of MIP design is in the field of drug delivery. Incorporation of a MIP
into a delivery medium capable of crossing the necessary cell barriers, such as a

hydrogel®

, allows the bound drug molecule to be released directly into the target area.
This has huge advantages over previous less efficient drug delivery systems that may

have been incapable of delivery the drug to the desired region.

The first MIPs were produced in a method now known as bulk imprinting, which
produced bulk monoliths by undertaking polymerisation is a relatively small amount of
solvent and a large proportion of crosslinker. This method is very simple and easy to
achieve but results in large and irregular particles. It is then necessary to grind the
polymer to produce particles small enough to allow the analyte access to the binding
sites throughout the bulk polymer. Small particles are also desirable to increase the
surface area of the polymer and thereby enhance mass transfer of the template. Grinding
does however lead to the mechanical destruction or damage of some of the binding
sites, which can lead to non-selective binding. Additionally, grinding can result in non-
uniform particle sizes resulting in reduced polymer performance.

Two of the most versatile and common MIP configurations currently used are films and
particles. Both of these formats are used in this work and are discussed in more detail
below. Other MIP forms include microspheres®, nanoparticles®, core-shell particles®,
polymer beads>*, rods®®, and nanowires. As well as altering the configuration of the
MIP itself, it is possible to coat a material with a MIP or graft the MIP onto a surface
making MIPs even more versatile and valuable. Materials that have been coated with, or
had MIPs grafted to include electrodes®’, quartz crystals microbalances™, silica

supports®, microplates® and fibres®".

13



CHAPTER 1 - INTRODUCTION

1.2.6 MIP Films

An interesting MIP configuration that is becoming increasingly popular is that of the
Molecularly Imprinted Polymer Film (MIPf). MIPfs are particularly useful in the field
of sensor technology having been used successfully for the detection of a range of

analytes including proteins®?, drugs®, pesticides®, and explosives®® .

MIPfs can be prepared in a variety of ways such as by immobilising previously
prepared MIP particles using a binding agent or plasticiser, although this method has
been associated with problems due to film thickness and low homogeneity of the
immobilised particles®. An alternative technique involves formation of a MIP onto a
previously prepared membrane, typically through electropolymerisation® or grafting®
%7 MIPfs can also be produced by cutting thin slices of bulk polymers, typically aero- or
hydrogels®®. Another route to obtaining MIPfs sees the imprinting and film formation

processes occurring simultaneously in a process known as phase inversion.

1.2.7 Phase Inversed MIP Films

Phase inversed MIPf are made differently to more traditional MIP systems, although the
basic imprinting principles remain the same. The main point of difference in phase
inversed MIPT is that a crosslinker is not used. The crosslinker provides traditional
MIPs with rigidity and support and typically makes up the majority of the MIPs
composition, however in the form of a MIPf a crosslinker makes the film brittle and
difficult to use. In phase inversed MIPf the cross-linker is replaced with a matrix
monomer, which is copolymerised with the functional monomer, to provide the
necessary support without making the film fragile. Matrix monomers, such as

31b

acrylonitrile®™”, provide support through intermolecular hydrogen bonding to

interconnect the polymer chain.

The properties of the functional and matrix monomers used directly influence the
properties of the films. While this necessitates experimentation to investigate the effect
of the choice and monomer and their composition, it also allows intelligent design of the

MIPT to impart the desired characteristics such as sturdiness, flexibility or transparency.

14
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Two methods are commonly used in the making of MIPf: wet and dry phase inversion.
Dry phase inversion is usually achieved though spin casting, whereby a small volume of
concentrated and viscous polymer solution is placed on a flat substrate such as glass.
The substrate is then rotated at high speed by a casting instrument, with the resulting
centripetal force spreading the solution over the surface of the substrate resulting in a
uniform thin layer. Subsequent solvent evaporation leaves behind a solid polymer film,
thereby restricting the technique to use with volatile solvents. Spin-casting produces
extremely uniform and reproducible films and the speed, acceleration and length of
rotation can be varied to produce films of desired size and thickness®**. Examples of
templates successfully imprinted utilising the dry phase inversion technique include N-
boc-L-phenylalanine*’, atrazine® and propranolol™.

Wet phase inversion involves transferring the polymer from a solvent to a non-solvent
thereby causing the polymer to solidify. By initially placing the polymer solution upon a
substrate before placing it within the non-solvent it solidifies in the shape of the
substrate. By using a flat substrate such as a glass slide a film or membrane can be
formed. Solidification of the polymer occurs rapidly where there is direct exposure to
the non-solvent causing the formation of a dense ‘skin’. This skin hinders solvent
diffusion from the remaining polymer causing the remaining polymer to precipitate
more slowly and porously. The process continues until the solvent is completely
removed. Films produced via phase inversion are not as uniform as those formed using
spin casting and there is less control over the films thickness. These films also exhibit
‘rough’” morphologies, and although not uniform improve template extraction and re-
binding by providing better access to the template bound cavities. The phase-inversion
technique has successfully been used to produce MIPT for several templates including

albumin®, tocopherol™ and 2,4-dinitrotoluene’

In both methodologies temperature plays an important role, with increased temperature

allowing films to form more quickly but lower temperatures exhibiting better binding.
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1.2.8 MIP Particles

Particulate polymers can be produced using a range of methods, the most common
being emulsion and precipitation polymerisation. Polymeric particles can be produced
in a range of sizes by varying the composition and polymerisation conditions. The
uniform size and high surface to volume ratio of particulate MIPs results in very
favourable binding kinetics making them ideally suited to chromatographic

applications.

Emulsion polymerisation involves the formation of colloidal dispersions of monomer
prior to polymerisation. A stirring mechanism is typically used to produce this emulsion
with the resulting droplets stabilised through the use of a surfactant resulting in the
formation of spherical structures called micelles. Initiation typically starts in the
aqueous phase and the resulting oligomeric radicals can enter pre-existing micelles or
form new micelles by aggregation with surfactant molecules. The monomer
concentration in the micelle is much higher than the aqueous phase allowing for rapid
propagation. Eventually virtually all the monomer is consumed and polymerisation
effectively ceases. A surfactant stabilised polymeric particle (or latex) is the final
product”®.

Precipitation polymerisation can be used to synthesise uniform spherical beads that
don’t require grinding before template extraction and rebinding. The formulation of
particulate polymers by the precipitation method is achieved by undertaking
polymerisation in a solvent where the resulting polymer is insoluble. Once the polymer
chain is of sufficient length to precipitate from solution, polymerisation continues by
adsorption of monomer and initiator onto the polymer particle. By using relatively large
volumes of solvent the particles are prevented from aggregating and particles of uniform

size can be produced®™ ™,

The precipitation method for the production of polymeric particles was chosen for the
synthesis of MIP particles due to the less complicated polymerisation mixture. The
addition of the surfactant required for emulsion polymerisation can result in an

additional interference to the molecular imprinting process.
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1.2.9 MIP Characterisation

The purpose of MIPs is to provide a substance capable of selectively separating a
particular target molecule which can be attributed to the template specific cavities
produced during the imprinting process. The non-imprinted polymer (NIP) is therefore

used comparatively to demonstrate the selective binding of the template to the MIP.

The most common performance characterisation used to assess MIP performance is
through batch rebinding. This involves placing the MIP or NIP into a stock solution of
the analyte and allowing rebinding to occur over various times. The polymer is then
removed and allowed to dry. Detection of the template within the polymer can be
achieved through identification of template fingerprints within the infrared, visible or
ultraviolet spectrum. In addition quantification of the rebinding is done by measuring
the change in concentration of the stock solution before and after rebinding. This change
in concentration of stock solution equates to amount of template adsorbed to the MIP or

NIP (Bwmip and Byp respectively) as shown in Equation 2.

B = [Template]initias — [Template]fina (Equation 2)

By then dividing the template adsorption of the MIP (Bwp) by the absorption of NIP
(Bnip) an imprinting factor (1) (Equation 3) is produced which represents the binding

directly attributable to the imprinting effect.

| = BM||:>/ Bnip (Equation 3)

The selectivity offered by a MIP system is typically summarised using this imprinting
factor, however these factors allow only for qualitative comparison between MIP

systems as it is highly dependent on the experimental conditions used during rebinding.

The level of specificity of the MIP system is determined by comparing the imprinting
factor of the template with that of the analyte. The level of specificity is primarily
determined by the structural similarity of the analyte to the template. This makes
achieving high levels of specify more difficult if trying to differentiate enantiomers and

structural isomers of the template. This can however be beneficial when using MIPs in
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sensing applications as it allows detection of a class of compounds (e.g. amphetamine
type substances) rather than a single target within the class.

In addition to selectivity described above, the ability of the MIP to rebind the template
in preference to other analytes is an important performance characterisation used to
assess MIP performance. This characterisation is known as specificity and can be
determined through either cross-reactive or competitive binding. In cross-reactive
binding the imprinting factor of each analyte is determinedly independently through
separate batch binding. In competitive binding the binding solution contains the
template and one or more competing analytes simultaneously. In both methods the

concentration of each analyte is kept constant.

1.2.10 Signal Transduction

Most current methods of detection using molecularly imprinted polymers would
typically require subsequent laboratory based analysis of the imprinted polymer to
positively determine the identity of any substance rebound to the polymer. As such,
although MIPs are far more selective and specific than current forensic in-field chemical

testing, they offer no practical advantage over current methods.

The incorporation of a method of template detection directly into the imprinted polymer
would remove this limitation. This may be done by incorporating a transducer into the
polymer, which converts phenomenological changes such as mass differences or
reaction heats to detectable signals such as by optical or electrochemical means.
Methods of detection which have recently been investigated include the use of
fluorescent functionalised polymers allowing fluorescence based detection’® ™,
colourimetric detection as a result of displacement of non-specific dyes from the
binding cavity’®, thermometric detection based on binding event reaction heats’’, and

the use of quartz crystal microbalance based sensors to allow mass based detection™® "8,

Of particular interest for this work is the use surface plasmon resonance (SPR) sensing

on metal (typically gold or silver) surfaces. SPR refers to the collective oscillations of
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the valence electrons in response to light. A resonant, collective oscillation is
established when the light matches the natural frequency of the surface electrons
oscillating against the force of the positive nuclei. Electromagnetic waves known as
surface plasmons propagate parallel to the metal surface and are very sensitive to any
changes at this boundary. This effect has been utilised for the direct sensing of large
molecules such as proteins and DNA” and in combination with MIPs for the sensing of

a wide variety of analytes®.

This work investigates the use of nanotechnology, specifically gold nanoparticles,
which have been demonstrated to allow SPR based detection in MIPs®. This will be
introduced in more detail in Chapter 1.3 and results and discussion are shown in
Chapter 3.

Also of interest for this work are MIP sensors which utilise electrochemical based
methods of detection. The most common types of these sensors use a MIP as a
recognition element attached to, or incorporated into an electrode which will selectively
bind the target molecule. Once bound the target may be electrochemically oxidised or
reduced resulting in a detectable signal from the modified electrode®”* . Signal

81a, 82

transduction is usually achieved through voltammetry or amperometry®®, however

conductometric®, impedance®® and capacitance® have also been used.

A number of substances have been utilised as electrodes materials for MIP based

Bla 83 672 and carbon paste®*®’. Of particular

sensors including gol , mercury®®, graphite
interest for this work is the use of conductive polymer based electrodes in MIP sensors
as the basis for electrochemical based detection. This will be introduced in more detail

in Chapter 1.4 and results and discussion are shown in Chapter 4.
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1.3 Gold Nanoparticles

1.3.1 Background to Nanotechnology

The field of nanotechnology is the study and manipulation of matter in the atomic and
molecular scale. This field of study is of particular interest owing to the unique
properties which can be engineered as a result of the nanoscale dimensions. In the field
of sensors the most common influence of nanotechnology is as a transducer. In some
cases, nanotechnology enhances transducer systems by improving input and output from
the transducer component®. In other cases, nanoparticles have been able to completely
remove the need for a transducer by imparting an electrical or visible characteristic onto
the sensor itself, thereby providing a direct signal®®. Embedded gold nanoparticles are
one possible method of directly imparting signalling capability into a chemical sensor
such as a MIPf.

Nanotechnology is becoming increasingly important in a variety of research fields
including chemical sensor technology. The field of chemical sensing and molecular
recognition is continually attempting to miniaturise the total sensor system through the
integration of sensors and signal processing componentry. Particular importance is paid
to technologies that permit low-cost manufacture of both sensors and their associated
electronics. Interest in nanotechnology is based on the unique physical and chemical
properties that nanostructures deliver. Their small size allows for their incorporation
into in-field sensors and their large surface-to-volume ratio enhances surface
interactions such as catalysis and therefore reaction kinetics. It has also been
demonstrated that it is possible to synthesize nanoparticles - specifically metal colloids,
in desired sizes, and to incorporate them into tailored matrices such as glass, ceramics

and polymeric type substances that are capable of being utilized in chemical sensors™.

Nanoparticles and other nanostructures of metals and semi-conductors are of particular
importance in the field of sensors because of their size-dependent electrical, chemical
and optical properties. They also efficiently utilise expensive metals that would

otherwise be too expensive to use on a bulk scale. The catalytic and electrochemical
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characteristics of dispersed metal nanoparticles makes them ideal in the fabrication of

electrochemical sensors®..

Gold nanoparticles, also known as gold monolayer-protected clusters (MPCs), are
drawing increasing attention due their unique properties mentioned above. Generally,
gold nanoparticles are produced in a solution by reduction of hydrogen tetrachloroaurate
(HAUCI,) as seen in Figure 2.2. Upon dissolution, the HAuClI, solution is rapidly stirred
while a reducing agent is added. This causes Au** ions to reduce to neutral gold atoms.
As more gold atoms form, the solution becomes supersaturated, and gold gradually
starts to precipitate in the form of sub-nanometre particles. The remaining gold atoms
that precipitate adhere to the existing suspended particles, forming spheres of uniform
size if vigorous agitation is maintained throughout the process. To prevent over-
aggregation, a stabilising agent, typically an aliphatic thiol is usually added which binds
to the nanoparticle surface.

A method for the production of aqueous gold nanoparticles was first achieved in 1951
by Turkevitch J. et al*?, while a method for the creation of organically soluble gold

nanoparticles was achieved by Brust and Schiffrin in 1994%,

Gold nanoparticles themselves exhibit poor solubility caused by oxidation, aggregation
and other changes in properties over time. The application of a stabilising agent forms a
monolayer on the surface of the gold nanoparticle, creating a monolayer-protected
cluster (MPC). The monolayer usually consists of a thiol-functionalised organic
compound where the sulphur atom bonds covalently to the gold nanoparticle surface.
The advantages of MPCs, apart from increased stability, include allowing the design of
specific properties by altering the stabilizing agent used. Use of alkanethiols,
arenethiols, and the incorporation of other functional groups such as amines, carboxylic

acids and alcohols, demonstrate the versatility of MPCs™.
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1.3.2 Nanoparticles and Sensors

An area that has received particular attention in gold nanoparticle research is the
detection and monitoring of biological reactions. Successful detection of
polynucleotides with specific sequences has been accomplished with gold nanoparticles
hybridised with complimentary nucleotides®. Similar hybridisation of gold

nanoparticles with antibodies have been used for immunoassays®.

Gold nanoparticles have also demonstrated usefulness as catalysts, for example the
1.

electro-catalytic oxidation of carbon monoxide and methano
Of particular interest is the use of nanoparticles in molecular recognition and chemical
sensors. Their effectiveness has been demonstrated in a colorimetric heavy metal

sensor®®, gaseous ozone sensor®®, and hybridised with haemoglobin for sensing of

nitrites'®.

1.3.3 Gold Nanoparticles and Molecularly Imprinted Polymers

The incorporation of gold nanoparticles into MIPs can be achieved by simply including
them in the pre-polymerisation mixture. Upon polymerisation, the nanoparticles are
immobilised within the polymer matrix. Embedding nanoparticles by this method is

straightforward and has been successfully used for sensing purposes®®.

An alternative to immobilisation within the polymer is to include the gold nanoparticle
within the polymer itself. This is achieved by using a polymerisable stabilising agent. In
this way, the gold nanoparticle may also serve in a cross-linking capacity or may

contribute to the template rebinding™®*.

Following incorporation of the gold nanoparticle into the MIP, a detection method must
be available that is capable of discriminating the presence or absence of the template
molecule. Demonstrated detection methods rely on matrix swelling which accompanies

rebinding. When a MIP is synthesised, the template and functional monomers form a
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complex, which is ‘frozen’ in place during polymerisation. Post-polymerisation removal
of the template leaves a cavity within the polymer that is complementary in size, shape
and functionality to the original template. Template removal from the resultant polymer
is accompanied by a slight shrinking of the remnant cavity, which is reversed when the
template is re-introduced (rebinding). The swelling effect during rebinding increases the
inter-particle distance of the immobilised gold nanoparticles (Figure 1.5), producing a

detectible event.

Shrunken state Swollen state

Figure 1.5 Effect of rebinding on polymer swelling and inter-particle distance of gold nanoparticles.
Reproduced from Matsui (2004)".

One method of detection is achieved though changes in the electrical properties of the
nanoparticles and therefore the MIP. Increases in inter-particle distances leads to
increased resistance of the polymer, making potentiometric sensing possible. This has

been achieved with nanoparticle embedded MIPs grafted onto electrode surfaces®.

Alternatively, detection relates to a shift in the SPR absorption band of the immobilised
gold nanoparticles. Previous work by Matsui et al.®® 1% utilised this property and
demonstrated that a signal could be produced upon template re-binding in a molecularly
imprinted polymer. This work utilized adrenaline as a template and produced a shift up
to 22nm in the plasmon absorption band of the gold nanoparticles during rebinding of
adrenaline. A similar system which also utilised a gold substrate in additional to gold
nanoparticles was used with a cholesterol imprinted MIP and resulted into a shift of up

to 56nm in the plasmon absorbance band®.
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1.4 Conductive Polymers

1.4.1 Background to Conductive Polymers

An alternative method of signal transduction for sensors involves the combination of the
detecting element of the sensor with a conductive element which will directly respond
to any changes caused by the detection of the target. Possible conductive elements

capable of being used in this function are conductive polymers.

Traditional synthetic polymers used in the ‘plastics’ industry are generally non-
conjugated polymers they are therefore insulators, and as such were of little interest as
an electronic material. The discovery and development of conductive polymer has only
occurred in the last fifty years but they have increasingly attracted the interest of
scientists and industry, demonstrated by the increasing output of journal articles

observed in Figure 1.6.
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Figure 1.6 Growth of research into conductive polymers indicated by increasing number of journal

articles.
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The insulating properties of non-conjugated polymers results from the electronic
configuration of the four valence electrons which are all used in covalent bonds.
Conjugated polymers, however, have a different electronic configuration, whereby one
electron is unpaired per carbon atom — the n-electron. In addition, n-bonding, whereby
orbitals of successive carbon atoms along the polymer backbone overlap, leads to a
delocalisation of electrons. This delocalisation allows charge mobility along the

polymer chain.

Amongst the first works into the field of conductive polymers was the work of DE
Weiss et al. in 1963 which reported, in a series of papers, the synthesis of iodine-doped
polypyrrole with conductivities as high as 1 S/m*®*. Later work by the same group in
1965 achieved conductivities as high as 3 S/m*®. This is comparable to the
conductivity of semiconductors such as silicon and germanium 1.56x107 and 2.17 S/m
respectively, but still far below that of metals such as silver which possesses the highest

conductivity of all metals at 6.3x10" S/m*®.

Most conductive polymers, by themselves, exhibit relatively low conductivities when
compared to traditional conductors and semiconductors, but, by doping the polymer, a
far greater range of conductivities can be achieved'”’, as observed in Figure 1.7. When

doping levels are sufficiently high, the electronic structure evolves to that of a metal'%.
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Figure 1.7 Relative conductivity of various electroactive polymers. Reproduced from MacDiarmid
(2000)*.

During the doping process, controlled additions of non-stoichiometric quantities of
chemical species results in the production of ‘charge-carriers’ and the ability of these
carriers to move along the conjugated polymer backbone results in the observed
conductivity. Doping is typically reversible and may be carried out in a number of
ways, including chemically or electrochemically (Figure 1.8). By adjusting the doping
level, conductivities ranging from insulating to highly conducting materials may be
produced. Doping levels of up to 40% can be used for conductive polymers compared

with less than 1% for more traditional silicon based semi-conductors*®®1%.
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Figure 1.8 Doping Mechanisms and Related Applications. Reproduced from Heeger (2000),

n-Doping is achieved through chemical reduction (addition of an electron) to the m-
system of the polymer backbone and typically uses cationic dopants. The most common
form of doping however, is p-doping, achieved through chemical oxidation (removal of
an electron) using a range of anionic dopants. A wide range of chemical dopants can be
used and typically depend on the type of conductive polymer involved and the desired
conductivity. Table 1.3 shows some examples of chemical dopants for a range of

conductive polymers as well as the resulting conductivities'°.
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Table 1.3 Conductivities of conductive polymers with selected dopants. Reproduced from Kumar

(1998)™*,

Polymer Doping Material Conductivity
Polyacetylene I, BroLi, Na, 10*
Polypyrrole BF,, ClOy, 500 - 7.5x10°
Polythiophene BF,, ClOy, 10°
Poly(3-alkylthiophene) BF,, ClOy, 10°- 10
Polyphenylenesulphide AsFs 500
Polyphenylene-vinylene AsFs 10*
Polythienylene-vinylene AsFs 2.7x10°
Polyphenylene AsFs, Li, K 10°
Polyisothi-anaphthene BF4, CIO, 50
Polyazulene BF4, CIO4 1
Polyfuran BF,, CIO4 100
Polyaniline HCI 200

Perhaps the greatest difficulty associated with conductive polymer relates not to their
conductivity, but rather their processability. Many conductive polymers become both
insoluble and infusible particularly with increasing molecular weight. This makes them
unsuitable for use in virtually all conceivable devices for which they might be

employed.

One major avenue of research in the field of conductive polymers involves the
development of conductive polymers capable of being more easily processed for use in
devices and other applications. The introduction of functionalised side chains onto the
conjugated polymer backbone to improve the properties of the polymer, including
processability, has been used successfully for a variety of conductive polymers. For
example 3-alkyl substituted polythiophenes can be processed from solution whereas

unsubstituted polythiophene is insoluble**?.

The use of a soluble co-polymer which can also act as the dopant for the conductive
polymer component may be used. The most prominent example of this is poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) or PEDOT:PSS as seen in Figure 1.9.
In this conductive polymer system, the PEDOT and PSS act as co-ionomers, with the
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PSS carrying the negative charge and the PEDOT carrying the positive charge, resulting

in a neutral macromolecular salt**3.
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Figure 1.9 Structure of poly(34-ethylenedioxythiophene):poly(styrene sulfonate).

The optimisation of desired physical properties of conductive polymers including
solubility, stability and optical properties can be achieved by small changes at the
molecular level to the polymer. Since even the smallest changes at the molecular level
can cause changes to inter- and intra-molecular forces within the polymer chains, the
resulting changes to the physical properties can be drastic. However changes to the
polymer chain, such as through the steric interaction of side chains, can cause a
reduction in the degree of conjugation of the polymer backbone. This will have a
consequential reduction in the conductivity of the polymer. Conversely, changes which
increase the degree of conjugation, such as through the introduction of fused rings to the

system, may produce an increase in conductivity™.

The design of conductive polymers has thus become a trade-off between conductivity
and desirable physical properties including processability. The ultimate goal of an ideal
synthetic metal - a conductive polymer with the conductivity of a metal capable of being
easily and inexpensively processed for broad use in industrial products - has yet to be

fully realised™®.
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1.4.2 Applications of Conductive Polymers

Since their discovery, conductive polymers have been used across increasingly diverse
fields and in a wide range of applications. Figure 1.10 divides conductive polymer
research, based on scientific papers from 1993-2011, into various uses with batteries

and sensors noted as being the most prolific applications.

Sensors Photovoltaics

Actuators

Corrosion

LED
Batteries

Figure 1.10 Scientific papers published on conducting polymers from 2000-2011 categorized into various
topics.

Among the most promising application of conductive polymers is in the field of
electronics. The advantage of “plastic’ electronics such as transistors and integrated
circuits over much faster traditional silicon-based devices is the extremely low-cost and
flexibility*™. In addition conductive polymers have shown to be particularly useful in
micro- and nano-electronic devices'® *'°. Devices of these sizes may revolutionize
electronic devices worldwide allowing for miniaturisation beyond that which has been

achieved in the last decade.

Conducting polymers, such as polypyrrole, also show promise as rechargeable battery
materials since they are capable of being readily oxidised and reduced. When combined
with traditional electrodes such as lithium, usable voltages are obtained with energy
densities several times that of traditional nickel-cadmium or lead-acid batteries*!’.

Conductive polymer super-capacitors (capable of storing 50 F/g) have also been

30



CHAPTER 1 - INTRODUCTION

reported, and have attracted interest for use in electric powered-vehicles and alternative
energy production™®.

Polymer photovoltaics using conductive polymers have also been developed. These
devices have very low efficiencies compared to silicon based solar cells, however due to
their low cost they can be applied to very large areas such as rooftops as building
walls™®. The process involved in these photovoltaic devices can also be reversed to
produce light emitting diodes with the colour of light produced depending on the band

gap between the valence and conduction band of the polymer.

Electrochromic devices capable of transcending a spectrum of colours based on the
current applied to them may also be produced using conductive polymers. Devices
based on this type of technology may be used as memory storage or as ‘smart

. 120
windows’ ",

1.4.3 Conductive Polymers in Sensors

One of the largest applications of conductive polymers relates to their use as or in
sensors based on the effect a desired target will have on the polymer itself. Changes in
the environment around a conductive polymer such as those caused by presence of
another chemical species can cause changes in the shape, orientation and degree of
conjugation along the polymer backbone. These changes cause a subsequent change in
the electrical properties of the polymer which are capable of being analysed'?!. Devices
based on this principle have been developed capable of interacting with simple

anions*??, metal ions*?, small organic molecules'®* and proteins'®.

pH sensors, based on the protonation/deprotonation of certain conductive polymers
which possess acidic or basic groups have also been developed. Deprotonisation results
in the removal of charge carriers for the conjugated backbone, and is accompanied by
changes to the electrical properties. For polypyrrole for example protonation increases
conductivity (21 S/cm at pH 3) while deprotonation results in lower conductivity (5x10°
¥S/cm at pH 13)'%°,
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In these cases, target recognition of the analytes is limited to those which have a direct
interaction with the conductive polymer. For example the ability of poly(3-
aminophenolboronic acid) to bind diols has be utilised to produce a potentiometric
sensor for sugars*?’. This severely limits the number and type of analytes which may be

directly detected using conductive polymers alone.

1.4.4 Conductive Polymers and Molecularly Imprinted Polymers

As mentioned previously, MIP-based electrochemical sensors utilise molecular
imprinting for target recognition to selectively bind the target molecule. The MIP

67281 o incorporated as

component is typically grafted onto an electrodes surface
particles into the electrode itself®** ®’. Conductive polymer based electrodes have also
been used in this manner by embedding MIP particles into the conductive polymer

during electropolymerisation.

The first study to describe this technique was reported in 2005 by Ho et al. for the
amperometric detection of morphine'?® as seen in Figure 1.11. Sensors for both
nicotine™® and (-)-ephedrine® have also been successfully prepared using similar
formats. Detection limits as low as 10nM have been reported in addition to high

specificity when compared to compounds with similar molecular structures*?.
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Figure 1.11 Preparation of a PEDOT electrode with embedded MIP particles. Reproduced from K.C. Ho
etal.’”%,

32



CHAPTER 1 - INTRODUCTION

The use of conductive polymers also allows the electrode itself to be molecularly
imprinted with the target molecule. By electrosynthesising a conductive polymer in the
presence of the desired template, an imprinted conductive polymer can be produced
which contains template specific cavities in much the same way as traditional MIP

systems.

Several conductive polymers have been imprinted this way including polypyrroles*3*,
polyphenylenediamines*®, polyphenols™3, and polythiophenes®®* *** including PEDOT
imprinted with a morphine template as seen in Figure 1.12'%. Subsequent detection was
achieved amperometrically by selective electrocatalysis of morphine oxidation. The
detection limit for this system was calculated as 0.2mM and also showed high

selectivity in comparison to structurally similar compounds™®.
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Figure 1.12 Preparation of an imprinted PEDOT electrode. Reproduced from W.M. Yeh et al.135

By using conductive polymers in MIPs, imprinting and signal transduction can be
achieved simultaneously. Whilst this offers a significant advantage over traditional MIP
formats for use in sensors there are some disadvantages such as binding site
heterogeneity, slow diffusion kinetics resulting in high response times and the need for

a trial-and-error approach to monomer selection and electropolymerisation conditions™*
136
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1.5 Aims of the Study

In this study, signal transduction mechanisms for molecularly imprinted polymeric
systems have been explored using (-)-ephedrine as the model template. This study has

two parts:

Firstly, the capability of gold nanoparticles for signal transduction when incorporated in
MIP systems has been examined. This involves the development a 2-dimensional
phase-inversed MIP film format for the detection of (-)-ephedrine. The results for this

study are discussed in Chapter 3.

Secondly, the potential of conductive polymers as a signal transducer for MIPs has been
explored. Composite particles of conductive polymer PEDOT:PSS and (-)-ephedrine
selective MIP have been developed. The results for this study are discussed in Chapter
4,

In all cases, interaction studies between monomers and analytes (template and

competing analogues) have been conducted using semi-empirical molecular modelling

and NMR spectroscopy.
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CHAPTER 2 - EXPERIMENTAL

2.1 Reagents

Azobisisobutyronitrile (AIBN, 99.9%) was purchased from Dulux and recrystallised in

acetone prior to use.

Acrylic Acid (AA, 1), acrylonitrile (AN, 2) and methyl methacrylate (MMA, 3), were
purchased from Sigma-Aldrich Australia (> 98%) and were distilled under reduced
pressure prior to use. N-isopropylacrylamide (IPA, 99.5%, 4) was also purchased from
Sigma-Aldrich Australia and recrystallised in hexane prior to use. N,N’-
methylenebisacrylamide (MBA, 98%, 5) was purchased from Sigma-Aldrich Australia

-
S XN

O \O || >_ 4>\
HO %O | N

1) @ ®3) 4) (®)

and recrystallised in acetone prior to use.

(1R,2S)-(-)-Ephedrine (EPD, 6), (1S,2R)-(+)-ephedrine hydrochloride, (EPDHCI,7),
(1S,25)-(+)-pseudoephedrine (+PSEPD, 8), (1R,2R)-(-)-pseudoephedrine (-PSEPD, 9),
(x)-adrenaline (or epinephrine) (ADR, 10), caffeine (CAFF, 11) and theophylline
(THEO, 12), were purchased from Sigma-Aldrich Australia (>98%) and used as
received.
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Allyl mercaptan (AM, Fluka, 99%, 13) was distilled under reduced pressure prior to
use. N-Decanethiol (NDT, 14) and 11-mercaptoundecanoic Acid (MUA, 15) were
purchased from Sigma-Aldrich Australia (>99%) and used as received.
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(15)

Methacryloyl chloride (16) was purchased from Sigma-Aldrich Australia (>99%) and
was distilled under reduced pressure prior to use. Pyrrole (99%,17), thiophene
(99.5%,18) and poly(4-styrenesulfonic acid) (PSS, 99.5%, 19)were purchased from
Sigma-Aldrich Australia and used as received. 3-Thiophenemethanol (98%, 20) and
3,4-ethylenedioxythiophene (EDOT, 99%, 21) were purchased from International
Laboratories and Bosche Scientific respectively and used as received.

(16) 17) (18)

XN

Cl O

HO —
0 0
o=s=o | \i Z/ \g
OH S S
(19) (20) (21)

Lewattit ion exchange resins M-500 and SP-112 were purchased from Sigma-Aldrich

and used as received.
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AR grade solvents — methanol, ethanol and tetrahydrofuran were used as received.

HPLC grade solvents - acetonitrile and methanol - were purchased from Merck and

used as received.

Glacial acetic acid (Sigma-Aldrich), ammonia gas (BOC Gases), ammonium chloride
(Ajax), copper (1) chloride (Sigma-Adrich), 1,9-decadiene (Sigma-Aldrich), deuterium
oxide (D0, Cambridge Isotope), dimethyl sulfoxide (DMSO, Fluka), dimethyl
Sulfoxide-ds (Cambridge Isotope), hydrochloric acid (Sigma-Aldrich), hydrogen
tetrachloroaurate (Sigma Aldrich), iron (I11) sulphate (Sigma-Aldrich), potassium
dihydrogen phosphate (KH,PQO4,Fluka), potassium hydrogen phosphate
(K2HPOy,Fluka), sodium borohydride (Sigma-Aldrich), sodium hydroxide (NaOH,
Sigma-Aldrich), tetraoctylammonium bromide (TOAB, Sigma-Aldrich), thioacetic Acid
(Merck) triethylamine (Sigma-Aldrich), and trisodium citrate (Ajax) were used as

received.

A commercial 1.1% in water, pH neutral poly(3,4-ethylenedioxthhiophene)-
poly(styrenesulfonate) (Sigma-Aldrich) solution was used as a reference conductive
polymer solution.
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2.2 Template Monomer Interaction Studies

2.2.1 Molecular Modelling

Spartan® ’04 software was used to carry out molecular modelling studies. Geometric
optimisation was performed on a semi-empirical level using AM1 force fields. Energies
of interaction were calculated using Equation 1, based on the enthalpies of formation

calculated by the software.

2.2.2 NMR experiments

A Bruker Ascend™ 400MHz Spectrometer was used to record ‘H spectra at 400.13
MHz. Titration experiments were performed by adding increasing molar equivalents of
monomer to the template in a deuterated solvent (typically dimethyl sulfoxide). Spectra
were obtained for monomer to template ratios up to 10:1.
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2.3 Synthetic Methods: MIP-Gold Nanoparticulate Systems
(Chapter 3)

2.3.1 Synthesis of 9-Decen-1-thiol (9D1T)

9-Decene-1-thiol was synthesised using a previously reported method*®’

mixture of 1,9-decadiene (5mL; 27.125mmol) and thioacetic acid (1.939mL;

. An equimolar

27.125mmol) was stirred and irradiated with ultraviolet light at 55°C for 1.5 hours.
Distillation afforded 9-decenyl thioacetate. Dry ammonia was passed through a solution
of the 9-decenyl thioacetate in ethanol (10mL) for 1.5 hours. The reaction mixture was
then washed with a 10% aqueous ammonium chloride solution and extracted with
hexane. The solvent was then removed to provide liquid 9-decene-1-thiol. Crude yield
41%. H NMR (400MHz, CDCI3) & 1.3 (13H, m), 2.0 (2H, m), 2.5 (2H, m), 5.0 (2H d),
5.8 (1H, m).

\/\/\/\/\ + /L
1,9-Decadiene © /
hv l 55°C

\/\/\/\/\/SY

9-Decenyl Thioacetate

EtOHl NHs

A YAV e Vv

9-Decene-1-thiol

SH

Thioacetic Acid

Figure 2.1 Reaction scheme for synthesised of 9-decene-1-thiol
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2.3.2 Synthesis of Gold Nanopatrticles

Gold nanoparticles were produced using a previously reported method®® %2, An aqueous
solution of hydrogen tetrachloroaurate (15mM, 200mL) and TOAB (6.0mmol) in
toluene (400mL) were mixed. Into the mixture was added a stabilising agent (3.0mmol)
in toluene (100mL) gradually with vigorous stirring. Stabilising agents used were 11-
mercaptoundecanoic acid (MUA), allyl mercaptan (AM), n-decanethiol or (NDT) 9-
decene-1-thiol (9D1T). A freshly prepared aqueous solution of sodium borohydride
(0.3M, 100mL) was then added dropwise. The mixture was stirred for 1 hour before the
organic phase was separated and washed with distilled water. The solvent was removed
using a rotary evaporator followed by high vacuum. The resulting black solid was then
heat-treated using a pre-programmed Biichi® Syncore, starting at 150°C and increasing
at 2°C.min™ for 30 minutes to a final temperature of 210°C. The heat-treated product
was then dissolved in 50mL of toluene and mixed with 400mL of chloroform to remove
the TOAB and excess stabilising agent. The product was then filtered and dried under

vacuum to give the gold nanoparticles.

Cl
Precipitation
‘ 2 Reduction Au & Aggregation
Cl A —Cl — o ) .‘
+ ‘ 1.TOAB Stabilising
H 2. NaBH, Agent
Cl
i Either
Where R is & MUA
o b) n-Decanethiol

M ¢) 9-Decene-1-thiol
a) HS OH d) Allyl mercaptan

b) I N N P
C) wer TN TN ™

d) he NF

Figure 2.2. Reaction scheme for synthesised of Gold Nanoparticles
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2.3.3 Synthesis of Poly(Acrylic Acid-co-N-Isopropylacrylamide-co-N,N -
Methylenebisacrylamide) MIPs — PAA-IPA-MBA

N-isopropylacrylamide (3.65mmol, 413mg), acrylic acid (0.90mmol, 61.8uL), and
N,N’-methylenebisacrylamide (0.23mmol, 35.5mg) were added to 2.7mL of dimethyl
sulfoxide together with azobisisobutyronitrile (10mg). Adrenaline (0.23mmol, 42.1mg)
and (-)-ephedrine (0.23mmol, 38.0mg) were included for the MIPapr and MIPgpp
respectively. A non-imprinted control polymer, NIP, was also produced with no
template included. The polymer mixture was purged with nitrogen and then heated at
60°C using a Biichi® Syncore for 24 hours. The resulting polymer was washed using

methanol before being dried under vacuum.

2.3.4 Synthesis of Poly(Acrylic Acid-co-Acrylonitrile-co-Methyl Methacrylate) MIP
films — PAA-AN-MMA

Polymer Synthesis: Acrylic acid (2.96mmol, 203.3uL), acrylonitrile (8.37mmol,
548.3uL), and methyl methacrylate (8.37mmol, 891.5uL) were added to 2.7mL of
dimethyl sulfoxide together with azobisisobutyronitrile (20mg). The polymer mixture
was purged with nitrogen and then heated at 60°C using a Biichi® Syncore for 24 hours.
The resulting polymer was precipitated drop-wise into excess water (~400mL), before
being filtered and dried under vacuum. The dried polymer was re-dissolved into 5mL of
dimethyl sulfoxide and re-precipitated into excess methanol. The resulting purified
polymer was dried under vacuum for ~4 hours. Molecular weight (M) was determined
via gel permeation chromatography (GPC), to be 169kDa with polydispersity index
(PDI) of 1.9"%.

Table 2.1 PAA-AN-MMA monomer feed ration and final polymer composition**®
Polymer Code AA AN MMA

Monomer Feed (mmol) 2.96mmol  8.37mmol  8.37mmol

Monomer Feed (%) 15% 42.5% 42.5%

Actual Polymer (%) 17% 41% 42%
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Post-Polymerisation Imprinting: 75mg of dried poly(acrylic acid-co-acrylonitrile-co-
methyl methacrylate) was dissolved in 1mL of dimethyl sulfoxide. For the imprinted
polymer, (-)-ephedrine was added to the mixture based on the optimal 3:1 functional
monomer to template ratio determined by molecular modelling and NMR studies.

Film Formation: A clean 1cm? glass slide was mounted on a Laurell® Spin Processor
(Model WS-400E-6NPP-LITE). A drop of polymer solution was placed in the middle of
the slide. The slide was then spun at 2000rpm for 10 seconds, then removed and placed
in a coagulation bath containing tetrahydrofuran cooled to ~0°C for a minimum of 2
minutes. The resulting films were then removed from the slide by immersing in a water

bath then laid flat on filter paper to dry.

2.3.5 Preparation of Gold Nanoparticle Embedded MIPs

PAA-IPA-MBA was prepared as described above with 230mg of synthesised gold

nanoparticles included in the pre-polymerisation mixture.

PAA-AN-MMA was prepared as described above with 18, 36 or 72mg of synthesised

gold nanoparticles included in the post-polymerisation solution prior to film formation.
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2.4 Synthetic Methods: MIP-Conductive Polymer Composite Systems
(Chapter 4)

2.4.1 Synthesis of 3-Methylthienyl Methacrylate

3-Methylthienylmethacrylate (MTMA) was synthesised using a previously reported
method**. 3-Thiophenemethanol (50mmol, 5.7g), triethylamine (72mmol, 7.3g) and a
small amount of copper (1) chloride were mixed in 35mL of dry diethyl ether.
Methacryloyl chloride (51mmol, 5.35g) in 35mL of dry diethyl ether was slowly added
at 0°C. The mixture was then stirred for 2 hours. The mixture was then filtered through
a silica gel column to remove the triethylammonium chloride. This was followed by
solvent evaporation using a rotary evaporator. The remaining mixture was then stirred
overnight in a 1:1 mixture of dichloromethane and 2M sodium hydroxide aqueous
solution. The organic layer was separated, washed with water and dried over calcium
chloride. The solvent was removed through rotary evaporation and the residue was
distilled under vacuum (1ImmHg, 90°C). Yield: 64%. *H NMR (400MHz, CDCI3) § 2.0
(3H,s), 5.2 (2H, s), 5.6 (1H, s), 6.2 (1H, s), 7.1 (1H, m), 7.3 (2H, m).

o =

/)

s

3-Thiophenemethanol Methylacryloyl chloride 3-Methylthienyl Methacrylate

Figure 2.3 Reaction scheme for synthesis of 3-methylthienyl methacrylate

2.4.2 Synthesis of Poly(Acrylic Acid-co-Acrylonitrile-co-Methyl Methacrylate-co3-
Methylthienyl Methacrylate) MIP films

Polymer Synthesis: Acrylic acid (2.96mmol, 203.3uL), Acrylonitrile (8.37mmol,
548.3uL) and Methyl Methacrylate (8.37mmol, 891.5uL) and were added to 2.7mL of
dimethyl sulfoxide. The polymer mixture was purged with nitrogen and then heated at

44



CHAPTER 3 — GOLD NANOPARTICLES AND MOLECULARLY IMPRINTED POLYMERS

60°C using a Biichi® Syncore for 24 hours. The resulting polymer was precipitated
dropwise into excess water (~400mL), before being dried under vacuum. The resulting
polymer was re-dissolved in approximately 5mL of dimethyl sulfoxide and re-
precipitated into excess methanol. The resulting purified polymer was dried under

vacuum for ~4 hours.

Additional copolymers were prepared by incorporating increasing amounts of 3-
methylthienyl methacrylate into the feed ratio, while maintaining the ratio of the

remaining co-monomers. The reaction ratios for these polymers are shown in Table 3.2.

Table 2.2 Reaction ratios of synthesised of MTMA-AA-AN-MMA copolymers

% %
% %
3-Methylthienyl . i o Methyl
Acrylic Acid Acrylonitrile
Methacrylate Methacrylate

0 15 425 42.5
5 14.25 40.375 40.375
15 12.75 36.125 36.125
25 11.25 31.875 31.875
50 7.5 21.25 21.25

Post-Polymerisation Imprinting: 75mg of dried poly(acrylic acid-co-acrylonitrile-co-
methyl methacrylate-co-3-methylthienyl methacrylate) was dissolved in 1mL of
dimethyl sulfoxide. For the imprinted polymer, (-)-ephedrine was added to the mixture
based on the optimal 3:1 ratio determined by molecular modelling and NMR studies.

Film Formation: A clean 1cm? glass slide was mounted on a Laurell® Spin Processor
(Model WS-400E-6NPP-LITE). A drop of polymer solution was placed in the middle of
the slide. The slide was then spun at 2000rpm for 10 seconds. The slide was then placed
in a coagulation bath containing tetrahydrofuran cooled to ~0°C for at least 2 minutes.
The resulting films were removed from the slide by immersing in a water bath then laid

flat on filter paper to dry.
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2.4.3 Synthesis of Conductive Polymers

PEDOT:PSS (Poly(3,4-ethylenedioxthiophene):Poly(styrenesulfonic acid)) was
prepared using a previously reported method™®, by mixing 3,4-ethylenedioxythiophene
(75mmol, 10.65g), Poly(4-styrenesulfonic acid) (26.30g) and sodium persulfate
(104mmol, 21.49g) in 2475mL of water. The mixture was stirred for 10 minutes before
adding iron (I11) sulphate (0.47mmol, 187mg), then stirred vigorously for 24 hours. The
resulting PEDOT:PSS mixture was then purified using acidic and basic ion exchange
resins (Lewatitt M-500 and SP112 respectively).

Additional conductive polymers were produced as above by replacing some or all of the

3,4-ethylyenedioxythiophene with equimolar amounts of 3-methylthienyl methacrylate.
Polymers were synthesised using this method are summarised in Table 3.3 below.

Table 2.3 Reaction ratios for synthesised of conductive polymers

Polymer MTMA ‘ PSS
Code —WW
(x10%) () (©)
PEDOT:PSS 100 75 10.65 0 - - 26.30
PEMS25 75 56.25 7.99 25 1875  3.42 26.30
PEMS50 50 375 5.33 50 375 6.83 26.30
PMTMA:PSS 0 - - 0 75 13.67 26.30

2.4.4 Preparation of Conductive Polymer Films

Solvent was removed from conductive polymer solutions prepared above by rotary
evaporation. The resulting viscous solutions were dropped onto glass slides and then
spun-cast at 1500rpm for 10 seconds using a Laurell® WS-400-6NPP-LITE spin coater.
The resulting films were then annealed at 110°C. Additional films were also prepared

via solvent evaporation using a vacuum oven following spin casting.
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2.4.5 Synthesis of (-)-Ephedrine Imprinted Conductive Polymer Composite Particles

Imprinted particles were prepared using acrylic acid as a functional monomer.
Polymerisation involved addition of up to 10mmol of acrylic acid to 6mL of as
synthesised conductive polymer solution with 12.5mg of sodium persulfate as an
initiator as listed in Table 2.4. (-)-ephedrine was added based on the feed ratio of acrylic
acid, in the optimal 3:1 monomer-template ratio based on molecular modelling and
NMR results. A non-imprinted polymer solution was also prepared with the absence of
(-)-ephedrine. The polymerisation mixture was purged with nitrogen and then

polymerised at 60°C for 24 hours in a Biichi® Syncore.

Table 2.4 Reaction ratios for synthesised of composite particles using an acrylic acid functional monomer

Polymer Code Conductive Polymer

PMTMA:PSS-AAL PMTMA (97.2mg in 6mL H,0) 1 0.33

PEMS25-AAL PEMS25 (91.2mg in 6mL H,0) 1 0.33
PEMS50-AA0.5 PEMS50 (93.0mg in 6mL H,0) 05  0.17
PEMS50-AAL PEMS50 (93.0mg in 6mL H,0) 1 0.33
PEMS50-AA2.5 PEMS50 (93.0mg in 6mL H,0) 25  0.83
PEMS50-AAL0 PEMS50 (93.0mg in 6mL H,0) 10  3.33

The resulting particles was then filtered through a 20pum polyethylene filter and rinsed

with water before being dried under vacuum.
Additional particles were prepared which included N,N’-methylenebisacrylamide as a

cross-linker, in addition to the acrylic acid functional monomer. These polymers are
listed in Table 2.5.
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Table 2.5 Reaction ratios for synthesised of composite particles using an acrylic acid functional monomer
and a N,N’-methylenebisacrylamide crosslinker

Polymer Code Conductive Polymer AA MBA EPD

(mmol) (mmol) (mmol)

PEMS50-MBA0.2  PEMS50 (93.0mgin6mLH,0) 08 02 027
PEMS50- MBA0.35  PEMS50 (93.0mgin 6mL H,0)  0.65 035  0.22
PEMS50-MBAO.5 PEMS50 (93.0mg in 6mL H,0) 05 05 017
PEMS50- MBA0.65  PEMS50 (93.0mg in 6mL H,0)  0.35  0.65  0.12
PEMS50- MBAO.8  PEMS50 (93.0mg in 6mL H,0) 0.2 08 007

2.4.6 Embedding Composite Particles in Conductive Matrix

50-500mg of composite particles were added to ImL of PEDOT:PSS before being
sonicated for 30 minutes. The resulting solution was dropped onto glass slides and then
spun-cast at 1500rpm for 10 seconds using a Laurell® WS-400-6NPP-LITE spin coater.

The resulting films were then annealed at 110°C.
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2.5 Swelling Measurements

The swelling capacity of the MIP and NIP films were measured by weighing a number
of films and then soaking them in water for various time periods (10min to 25h). The
wet films had excess water removed from them by touch drying with filter paper before
being re-weighed. The differences in weights were calculated using Equation 4*** and

recorded as a percentage change for each group of films.

%Swelling = [(Wsinat — Winitiat) / Winitiai] X 100 (Equation 4)

2.6 Template Extraction

Template extraction for each template in all polymer systems was performed by stirring
of the polymer in a 1:99 (volume ratio) solution of acetic acid and water. This was
repeated at least three times with fresh extraction solution to ensure template removal.
The polymers were then rinsed in water to remove any residual acetic acid. Polymeric
films were then laid flat on filter paper to dry, and polymeric particles were filtered
through a 20pm polyethylene frit then dried under vacuum dried under vacuum.
Successful extraction was confirmed using FTIR for (-)-ephedrine and HPLC analysis

for adrenaline.
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2.7 Rebinding Studies

Fresh 1.0mM aqueous stock solutions of the relevant template or cross-reactivity
analyte were prepared as needed. Polymers were weighed and then 1mL aliquots of
stock solution were added to each polymer sample. Poly(acrylic acid-co-N-
isopropylacrylamide-co-N,N’-methylenebisacrylamide) films were allowed to rebind
for 24 hours using both MIPs and NIPs, while all remaining polymer systems were
allowed to rebind for various times (10min to 24h). Following rebinding, the polymeric
films/particles were separated from the rebinding solution and the bound template

concentration assessed quantitatively using HPLC.

Binding (B) was calculated according to Equation 2 and standardised to polymer mass.

Imprinting factors (1) were then calculated according to Equation 3.

B = [Template]initial — [Template]fina (Equation 2)

I = BM|p/ Bnip (Equation 3)
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2.8 Instrumental

2.8.1 NMR Analysis

A Bruker Ascend™ 400MHz Spectrometer was used to record *H and **C spectra at
400.13 and 100.47MHz, respectively. Inverse-gated **C NMR experiments were also

performed at 100.47MHz respectively when determining polymer compositions.

2.8.2 FT-IR Analysis

Qualitative FT-IR spectroscopic studies were used to assess the success of imprinting
and extraction of the (-)-ephedrine template from the polymers. A Shimadzu® FTIR-
8400S spectrophotometer (16 scans, at 0.8cm™ resolution, from 400 to 4000nm) was
used for the analysis. Polymer films were analysed by placing them in the path of the
beam. All other samples were analysed using a Pike® EasiDiff accessory after solvent
evaporation where necessary and subsequent mixing/grinding with potassium bromide.
The aromatic C-H out of plane bending at ~700cm™ was used as the diagnostic peak for

(-)-ephedrine.

2.8.3 HPLC Analysis

Template (Adrenaline and (-)-ephedrine) and cross-reactivity analyte ((-)-
pseudoephedrine, (+)-pseudoephedrine, (+)-ephedrine hydrochloride, caffeine, and
theophylline) rebinding was determined using a Shimadzu® High Performance Liquid
Chromatograph (LC-20AD) fitted with a Grace® Econsphere™ C18, 5um column. The
mobile phase consisted of 75% aqueous buffer solution (50mM KH,PO, adjusted to a
pH of 3.5 with H3PO,4) and 25% 7:3 acetonitrile:water (with 10mM triethylamine). A
10uL injection volume was used with a run time of 10 minutes at a flow rate of
1.0mL/min. Template concentration was monitored using a UV/Vis Photodiode Array
Detector at a wavelength of 190nm. Quantification was conducted using an external

calibration method with a curve over a concentration range from 0.1-1.5mM.
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2.8.4 GPC Analysis

Polymer molecular weights were determined using a Shimadzu® High Performance
Liquid Chromatograph (LC-20AD) fitted with two Waters Styragel® columns (HT 5
THF and HT 3 THF). Calibration was performed using a series of Shodex® standards
with molecular weights ranging from 3950 to 3250000. 1-2mg of sample or standard
was dissolved inlmL of HPLC grade THF and shaken for 12 hours. A 10uL injection
volume was used with a run time of 15 minutes, with an oven set to 40°C and a flow
rate of 0.7mL/min. Template concentration was monitored using a UV/Vis Photodiode

Array Detector at a wavelength of 270nm.

2.8.5 UV-Vis Analysis

Gold nanoparticles and imprinted polymers containing gold nanoparticles were analysed
as colloidal dispersions in water or toluene (quartz cuvette) using a Cary® UV-Vis
spectrophotometer from 300-700nm. Polymers were analysed by holding the film in

position inside the cuvette.

2.8.6 Particle Sizing

The sizes of gold nanoparticles were determined using a Malvern Zetasizer — Nano ZS.

Nanoparticles were dispersed in toluene in a quartz cuvette prior to analysis.

2.8.7 Surface Morphology Studies - Scanning Electron Microscope

Scanning electron microscope (SEM) images were generated using a Philips XL30
SEM and Oxford ISIS EDS (1997) Software.
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2.8.8 Conductivity Measurements

Conductivity measurements were conducted using a four-point probe apparatus as seen
in Figure 3.8, supplied by SES Instruments Pvt. Ltd., India. Film thickness was
determined using an Alpha-Step 500 Profilometer supplied by KLA Tencor, USA.
Volume resistivity was calculated using Equation 5and converted to conductivity.

Current
Source

Voltmeter

Figure 2.4 4-point probe apparatus

3 %4 .
p=1— XX t Xk (Equation 5)

Where p = volume resistance (€2.cm)

V = measure voltage (volts)

I = applied current (amperes)

t = sample thickness (cm)

k = correction factor based on the ratio of the probe spacing to the films diameter and thickness
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CHAPTER 3- GOLD NANOPARTICLES AND
MOLECULARLY IMPRINTED POLYMERS

In this chapter the use of gold nanoparticles as a signal transduction mechanism in
molecularly imprinted polymers will be investigated. Previous work by Matsui et al.
suggests that gold nanoparticles may be used in conjunction with molecularly imprinted
polymers to produce a detectable shift in the UV-Visible spectrum of the nanoparticles
upon binding of the desired template molecule.

Several polymer and template system were investigated, beginning with molecular
modelling and NMR studies to model and examine the interactions between the
polymer and template. Molecular modelling was used as a predicative tool to assess
possible interactions of the templates with a range of monomers and crosslinkers. NMR
titrations were then performed to further investigate the possible template monomer
interactions identified through molecular modelling. This combination of molecular
modelling and NMR as predictive tools for MIP design is more time and cost efficient
than traditional trial and error MIP production. Examples of templates imprinted using

143

this combinatorial approach include creatine*?, cocaine®’, caffeine'*®, ibuprofen*,

theophylline®®, acetochlor*® and N-boc-L-phenylalanine®’.

Polymers were then synthesised based on this predictive MIP design approach. The
binding performances of these polymers were then assessed including cross-reactivity
studies to assess selectivity and specificity. Additional characterisations were also

performed including spectroscopic analysis and surface morphology studies.

Finally gold nanoparticles were synthesised and characterised before being incorporated

into these polymer systems to assess their utility as a signal transduction mechanism.
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3.1 Model System — Poly(Acrylic Acid-co-N-Isopropylacrylamide-co-
Methylenebisacrylamide) — Adrenaline Template

Previous work by Matsui et al. demonstrated that the poly(acrylic acid-co-N-
isopropylacrylamide-co-methylenebisacrylamide) (PAA-IPA-MBA) polymer system
could be successfully imprinted with an adrenaline (ADR) template with high levels of
both selectivity and specificity. In addition, gold nanoparticles embedded into this
system were shown to produce a detectable shift in the plasmon absorbance band

following rebinding®.

This polymer system was therefore initially chosen as the model system for this work
and the ADR imprinted PAA-IPA-MBA polymer used by Matsui et al. was attempted to
be reproduced for comparative purposes. Additional investigation of this polymer

system, including template-monomer interaction studies, was also performed.

3.1.1 Adrenaline - Functional Monomer Molecular Modelling

Functional monomers are the primary source of interaction with the template and it is
this interaction which is the source of the selectivity in the resulting polymer. For this
polymer system, acrylic acid (AA) was used as the functional monomer. Molecular
modelling results for acrylic acid with ADR are shown in Figure 3.1. It can be seen that
the interaction energies (AE) for AA - ADR clusters for ratios up to 10:1 are all

negative, indicating energetically favourable interactions.

56



CHAPTER 3 — GOLD NANOPARTICLES AND MOLECULARLY IMPRINTED POLYMERS

AEInteraction
(kcal/mol)
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=—¢—Acrylic Acid
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Figure 3.1 AEneraction Of ADR with AA across a range of M-T ratios.

An AA to ADR ratio of 1:1 has an AEneraction OF -5.0 kcal/mol indicating a favourable
interaction. The modelling indicates hydrogen bonding (<2.8A) between the carboxylic
acid moiety of the AA and secondary amine and three hydroxyl moieties of the ADR.
For the 1:1 ratio, a single point interaction is observed, which would limit the specificity
of the resulting MIP cavity as only one area of complimentary functionality would be
present.

An AA to ADR ratio of 2:1 has an AEnraction OF -5.1 kcal/mol, indicating a favourable
interaction similar to the 1:1 ratio. This ratio however shows two areas of interaction
which would improve the specificity of the MIP as there are multiple points of

complimentary functionality.

The ratios of 3:1 and 4:1 both produce high AEneraction, -7.5 and -6.1 kcal/mol,
respectively, with multiple points of interaction between the monomers and the
template. The 3:1 ratio, which shows the highest energy of interaction, is shown in

Figure 3.2.
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¢

Figure 3.2 Molecular modelling of ADR with 3 AA showing multiple points of interaction. Template is
shaded green and hydrogen bond distances are indicated in red.

AA to ADR ratios of 5:1 and 6:1 show the highest AEneraction, -9.6 and -13.0 kcal/mol
respectively, however, at this template to monomer ratio and above, monomer-monomer
interactions become increasingly prevalent. These interactions cause the overall cluster
energy to increase without an increase in template monomer interactions. Such
circumstances are likely to result in the product MIP exhibiting greater levels of non-

specific binding due to the presence of excess functional monomer.

As seen in Figure 3.2, the dominant interactions between the AA and ADR is hydrogen
bonding between the acidic carboxyl group of the AA and the secondary amine,
aliphatic hydroxyl and phenolic groups of the ADR. The modelling is performed in
silico and suggests likely sites of interaction between the monomer and template. The
limitations of the software prevent the modelling of the protonation of the secondary
amine of the ADR template (pK,; 8.26) by the acidic AA functional monomer (pKj,
4.26). This would lead to a stronger acid-base interaction which is not shown by the
modelling. The site of this acid-base interaction is however still indicated in the

modelling although as a weaker hydrogen bonding interaction.

The selection of an optimal functional monomer - template stoichiometry involves the
selection of a system a high negative AEnwraction @nd multipoint binding interactions.

High AEnteraction improve the selectivity of the resulting MIP whilst multiple points of
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interaction improve the specificity™*.

Clusters exhibiting significant monomer-
monomer self-association should be avoided to limit non-selective binding. For AA, a

ratio of between 3 or 4 to 1 appears to be the most suitable imprinting ratio.

3.1.2 Adrenaline — Matrix Monomer/Crosslinker Molecular Modelling

N-isopropylacrylamide (IPA) and the cross-linker N,N’-methylenebisacrylamide
(MBA) were also used in this polymer system and make up the bulk of the polymer
structure. They provide the structural integrity and support for the polymer structure but
ideally should have little interaction with the template molecule. The molecular
modelling results for the matrix monomer N-isopropylacrylamide (IPA) and the cross-
linker N,N’-methylenebisacrylamide (MBA) are compared with those for AA in Figure
3.3.
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Figure 3.3 AEjeraction OFf ADR with AA, IPA and MBA across a range of M-T ratios.

From Figure 3.3 it can be seen that the AE nteraction fOr IPA with ADR are negative for
M-T ratios up 4:1, signifying a favourable interaction. These energies are significantly
reduced, in absolute terms than that those produced by AA, indicating that AA interacts
more strongly than IPA.
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Molecular modelling indicates hydrogen bonding between the secondary amine and
three hydroxyl groups of the ADR and both heteroatoms of the IPA amide unit. The 2:1

stoichiometry, which produced the greatest AEnteraction, IS Shown in Figure 3.4.

Figure 3.4 Molecular modelling of ADR with 2 IPA units showing two areas of interaction. Template is
shaded green and hydrogen bond distances are indicated in red.

At ratios above 4:1, modelling indicates that the resultant clusters do not interact
favourably with the template due to the dominance of monomer-monomer self-
association. This is particularly evident in stoichiometries ranging between 6:1 and 10:1

which show positive or zero interaction energies.

The hydrogen bonds length for ADR with IPA, as seen in Figure 3.4, are longer than
those for the corresponding hydrogen bonds for ADR with AA as seen in Figure 3.2.
This suggests that the hydrogen bonds formed by IPA will not be as strong as those
formed by the AA functional monomer. Additionally, the bifurcated nature of the
hydrogen bonds seen at the left of Figure 3.4 results in a weaker interaction than a

single hydrogen bond**.

From Figure 3.3 it can be seen that the AEnteracion for MBA with ADR are negative
below a 3:1 ratio signifying a favourable interaction. The magnitude of the MBA
interaction energies is however comparably lower than that those produced by AA,
indicating that AA is a more favourable functional monomer.
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Molecular modelling indicates hydrogen bonding between the ADR functional groups
(secondary amine and three hydroxyl groups) and the MBA amide units. The 3:1 ratio
that produced the highest energy of interaction is also shown below in Figure 3.5. At
ratios of 4:1 and above modelling indicates that the additional monomer units do not
interact with the template.

C

Figure 3.5 Molecular modelling of ADR with 3 MBA showing multiple points of interaction. Template is
shaded green and hydrogen bond distances are indicated in red.

The hydrogen bonds distances for the ADR with MBA 3:1 cluster, are on average
longer than those observed in the ADR — AA cluster, indicating reduced hydrogen bond
strength. The system however exhibits multiple points of interaction suggesting that a

cavity exhibiting high selectivity may result.
The molecular modelling results indicate that MBA while producing multipoint

interactions with ADR generates lower interaction energies than those observed for the

AA functional monomer.
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3.1.3 NMR Studies

NMR titration of the AA functional monomer was performed to confirm the presence of
the interactions identified using molecular modelling. Since the chemical shift () of a
nucleus in NMR spectroscopy is sensitive to changes in the surrounding magnetic
environment, interactions such as hydrogen bonding can be observed as a function of
changing concentration of the hydrogen bonding agent. Figure 3.6 shows the spectra of

ADR with increasing molar equivalents of AA.
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Figure 3.6 "H-NMR spectra of pure ADR and various M-T ratios (as indicated on the right) in dg-DMSO.
Structures of ADR and AA are shown above, along with corresponding proton labelling.
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In the presence of AA, proton peaks associated with ADR (1, 2 and 3) were seen to
move downfield indicating that these nuclei were experiencing a deshielding effect.
This is a result of protonation of the secondary amine in the ADR and is indicated by
the large changes in chemical shifts and peak splitting observed in proton 2 of ADR.
This suggests that a strong acid-base interaction will occur between the AA and ADR at
this point. Figure 3.7 shows the extent of the downfield shifts as a function of the

template-monomer ratio.

AS (ppm)

4
Molar Equivalents o? AA

Figure 3.7 Change in chemical shift (Ad) of different ADR protons upon titration with increasing molar
equivalents of AA in d¢-DMSO. ADR structure is included above to show labelling of protons.

Figure 3.7 demonstrates that ADR protons 1 and 2 displayed the greatest shift during
the titration. This is consistent with an acid-base interaction which would deshield the
sites adjacent to the ADR heteroatoms in the aliphatic carbon chain. This was not
observed during molecular modelling due to limitations of the modelling software in
analysing this type of interaction. The modelling shown in Figure 3.2 did however

suggest this secondary amine as a likely point of interaction through weaker hydrogen

bonding.
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The change in shift observed in Proton 1 reaches a maximum after the addition of just 1
molar equivalent of AA, indicating that the dominant changes in & are due to formation
of the 1:1 ADR-AA complex. Figure 3.7, however also shows that further AA additions
can promote additional interactions, as the curve associated with Proton 2 taking
slightly longer to plateau (> 2:1). , although most of the change in & is observed
following a single molar equivalent of AA. This suggests that while the acid base
interaction between the AA and the secondary amine of ADR is the primary source of
interaction, additional weaker interactions such as those seen in the molecular modelling

in Figure 3.2, may be possible.

The NMR titration also showed significant changes in the chemical shifts of the AA
protons (b, ¢ and d, Figure 3.8). Chemical shift associated with increasing AA
concentration in solution in the absence of ADR was undertaken to assess the
significance of monomer-monomer interactions. The presence of ADR causes an
upfield shift (shielding) of the AA protons which plateaus at a 3:1 M-T ratio for protons
b and d and at a 2:1 M-T ratio for proton c. The Ad for these protons is also greater in

the presence of ADR, ~0.1ppm compared to 0.02ppm for AA alone.
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Figure 3.8 Change in chemical shift (Ad) of different AA protons upon titration with and in the absence
of ADR in de-DMSO. AA structure is included above to show labelling of protons.

'"H-NMR titrations of IPA and MBA were also performed to assess their interactions
and validate the findings of the molecular modelling studies. Figures 3.9 and 3.10 show
the ADR proton shifts as a function of changing template-monomer ratio (IPA and

MBA, respectively).
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Figure 3.9 Change in chemical shift (Ad) of different ADR protons upon titration with increasing molar
equivalents of IPA in de-DMSO. ADR structure is included above to show labelling of protons
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Figure 3.10 Change in chemical shift (Ad) of different ADR protons upon titration with increasing molar
equivalents of MBA in dg¢-DMSO. ADR structure is included above to show labelling of protons.
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These results demonstrate comparatively small (<0.05ppm) chemical shift of the ADR
protons during the titration with both amide functional monomer units, suggesting little
interaction with the template molecule. Monomer self-interaction studies were therefore

not pursued.

The combined modelling and NMR titrations studies provided compelling evidence to
warrant the use of AA as a functional monomer in the preparation of ADR imprinted
polymers. A 3:1 M-T ratio with AA was identified as the preferred feed ratio from the
molecular modelling as it showed a high energy of interaction, multiple points of
interaction and little evidence of monomer self-association. These properties have been
shown to improve the specificity and selectivity of the resulting MIP. NMR titrations
however indicated that the interaction between ADR and AA will be dominated by a
single acid-base interaction. This suggests that a 1:1 M-T ratio would be sufficient,
however smaller increases in chemical shift were observed at M-T greater that 1:1
indicating that additional points of interaction, although weaker, may be possible as

indicated by the molecular modelling.

The results also indicate that the IPA and MBA will not significantly interact with the
ADR template, making them ideally suited for use as a matrix monomer and crosslinker
respectively, providing structural integrity to the polymer. Low levels of interaction
between the template and matrix monomer and cross-linker are desirable qualities in
molecular imprinting as it improves the specificity of the resultant polymer by reducing

non-specific binding interactions at the polymer surface.

3.1.4 Polymer Preparation

ADR imprinted polymers (MIPapr) and the non-imprinted control (NIP) were prepared
using an AA functional monomer. The role of the functional monomer is to produce a
favourable interaction with the template, resulting in a polymer that is selective for the
template. From interaction studies a M-T ratio of 1:1 was identified as the sufficient for

use with an AA functional monomer with an ADR template, although some evidence
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did suggest that additional interactions may be also be occurring at higher M-T ratios.
The M-T ratio of 3.9:1 used by Matsui et al. ®, was ultimately used for comparative
purposes, with the interaction studies performed indicating that favourable interactions
between the AA functional monomer and ADR template will be formed using this

formulation.

The use of IPA with a MBA cross-linker also results in the formation of a hydrogel,
making it easier to handle. The polymer was cut into thin sections of 2-3mm in width

prior to template extraction.

The successful incorporation into, and subsequent extraction of the ADR template from
the PAA-IPA-MBA polymer was initially assessed using FTIR analysis. Figure 3.11
shows the FTIR spectrum of the ADR template, a non-imprinted control polymer (NIP)
and an as synthesised or virgin ADR imprinted polymer (V-MIPapr). NO
distinguishable peak was observed which did not to overlap with peaks from the
polymer. Template extraction from the MIP was therefore assessed by HPLC analysis

of the extraction solution.

= Adrenaline e [VIIP-ADR Virgin e N|P Virgin

4000 3600 3200 2800 2400 2000 1600 1200 800 400
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Figure 3.11 FTIR spectra of pure ADR (a) and PAA-IPA-MBA; Non-imprinted polymer (NIP) (b) and
Virgin ADR imprinted polymer (V-MIPapR) (C).
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3.1.5 Swelling Studies

The use of IPA and MBA in the polymer synthesis results in a cross-linked
thermosensitive hydrogel which is hydrophilic at temperature lower than 30-35°C**®. At
temperature below this, significant swelling of the polymer in water is observed. Matsui
et al.®® 192 syggested that template rebinding for the PAA-IPA-MBA requires the
polymer to be in its swollen state. The template specific cavities are formed while the
polymer is swollen and following template removal, the polymer is dried, resulting in a
significant loss of both volume and absorbed solvent. In its unswollen state, the internal
pores and cavities of the polymer are significantly reduced, resulting in limited access to

the template-specific cavities.

Swelling studies of the PAA-IPA-MBA system (Figure 3.12) indicate that complete
swelling of the polymer occurs after approximately 24 hours after immersion, but that
the polymer undergoes greatest swelling in the first 5 hours of exposure to solvent
(water). All rebinding experiments for the PAA-IPA-MBA polymer were therefore

conducted over a 24 hour period.
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Figure 3.12 Swelling of PAA-IPA-MBA MIP 5pr polymers in water. Study was performed in triplicate.
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3.1.6 Rebinding Studies

Quantitative rebinding results were produced using HPLC which show rebinding of
ADR to the ADR imprinted polymer (MIPapr) relative to the NIP. Imprinting factors (1)
(Equation 3) were calculated from these measurements. The MIPapr showed
significantly greater selectivity for ADR compared to the NIP, resulting in an imprinting
factor of 3.37 as shown in Table 3.1. The result demonstrates that the PAA-IPA-MBA

system will selectively bind an ADR template.

Table 3.1 Template Rebinding and Imprinting Factors (1) for ADR imprinted PAA-IPA-MBA polymer

MIP Rebound NIP Rebound Imprinting Factor

(umol/mg) (umol/mg)

33.2+1.0 9.8+0.5 3.4

3.1.7 Preparation and Incorporation of Gold Nanoparticles

Gold nanoparticles were successfully prepared using a using an 11-mercaptoundecanoic
acid (MUA) stabilising agent. Particle sizing confirmed the formation of the gold
nanoparticles with a mean diameter of 5.12nm (CV 12.6%) as shown in Figure 3.13
which was consistent with those previously produced by Matsui et al.®®

Number Percentage

0 5 10 15
Particle Diameter

Figure 3.13 Size distribution of 11-mercaptundecanoic acid stabilised gold nanoparticles (Aupya)
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MUA stabilised gold nanoparticles (Aupmua) Were incorporated into the pre-
polymerisation mixture for the PAA-IPA-MBA polymer system. Successful post-
polymerisation incorporation of the nanoparticles into the polymer matrix was visually
confirmed by the distinct colour change from colourless to black that accompanied the
process as seen in Figure 3.14.

Figure 3.14 PAA-IPA-MBA MIPADR with (b) and without (a) AUMUA.

3.1.8 UV-Vis Spectroscopic Rebinding Studies

Following incorporation of Aumua into the ADR imprinted PAA-IPA-MBA system,
spectroscopic studies, intended to replicate the results of Matsui et al.?, were conducted
to determine if any colourimetric shift in the plasmon absorbance of the gold

nanoparticles was observed in response to template rebinding to the polymer.

Following incorporation of Aupmua into the ADR imprinted PAA-IPA-MBA system,

spectroscopic studies, intended to replicate the results of Matsui et al. ®

, were
conducted to determine if any colourimetric shift in the plasmon absorbance of the gold

nanoparticles was observed in response to template rebinding to the polymer.

71



CHAPTER 3 — GOLD NANOPARTICLES AND MOLECULARLY IMPRINTED POLYMERS

UV-Vis measurements were taken of Aumua dispersed in toluene to confirm absorbance
in the plasmon absorption band of the nanoparticles. This was followed by
measurements of the MIPapr-Aumua and NIP-Aupmua Which are shown in Figure 3.15.
The plasmon absorbance of the embedded gold nanoparticles was not readily
distinguishable from the spectrum of the polymer itself. Additional measurements were
taken of the MIP apr-Aumua and NIP-Aupmua following rebinding in an aqueous 1mM
ADR solution, however the plasmon absorbance of the embedded gold nanoparticles

remained undistinguishable.

e MIP-AuMUA
S e N|P-AuMUA

AuMUA
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Figure 3.15 UV-Vis Spectra of (a) Aupua nanoparticles in toluene, (b) PAA-IPA-MBA-Auyua MIP apr
and (c) PAA-IPA-MBA-Aupua NIP

The plasmon absorbance band of the embedded gold nanoparticles, and subsequent shift

|68

following template rebinding, observed by Matsui et al™"., as seen in Figure 3.16, were

unable to be reproduced.
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Figure 3.16 UV-Vis Spectra of PAA-IPA-MBA-Aupyua MIPapr in water and ADR solution (ImM).
Reproduced from Matsui (2004)%.

3.1.9 Summary

Pre-synthetic interaction studies utilising molecular modelling and NMR titrations
experiments were successfully utilised to identify AA as a suitable functional monomer
for use with the ADR template. Additionally, a 1:1 template-monomer ratio was
determined to produce an energetically stable cluster exhibiting as a result an acid-base
interaction following protonation of the ADR template. Additional weaker interactions
with additional AA were also suggested. These pre-synthetic studies also determined
that template interaction with IPA and MBA is minimal making them ideal for use as a

matrix monomer and cross-linker respectively.

Swelling studies identified the required time for rebinding as being greater than five
hours. Rebinding studies carried out after 24 hours showed significantly higher levels of
ADR rebinding to the PAA-IPA-MBA MIP compared to the NIP, with an imprinting
factor of 3.37 obtained.
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The work of Matsui et al. involving spectroscopic rebinding studies based on a shift on
the plasmon absorbance of embedded gold nanoparticles during template rebinding was
unable to be replicated. Gold nanoparticles were successfully prepared and the plasmon
absorbance band was observed in the UV-Vis spectrum, however this effect was unable

to be replicated once the nanoparticles were embedded in PAA-IPA-MBA system.
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3.2 Model System — Poly(Acrylic Acid-co-N-Isopropylacrylamide-co-
Methylenebisacrylamide) — (-)-Ephedrine Template

After assessing the work of Matsui et al.®® using the ADR-imprinted PAA-IPA-MBA
polymer, investigations were subsequently extended to include (-)-ephedrine (EPD) as a
template using the same polymer system. EPD was chosen as a template as a model
analyte for amphetamine-type substances, which are of increasing forensic interest as

one of the fastest growing class of illicit drugs around the world.

3.2.1 (-)-Ephedrine-Functional Monomer Molecular Modelling

Molecular modelling results for AA with EPD are shown in Figure 3.17. It can be seen
that the enthalpies of AA with EPD are negative for all ratios indicating energetically

favourable clusters.

AEInteraction
(kcal/mol)
A

-7 A

-8 -

Figure 3.17 AEineraction Of EPD with AA across a range of template - monomer ratios.

AA to EPD ratios of 2:1, 3:1 and 4:1 produce AEntraction Of -4.8kcal/mol, -5.5 kcal/mol

and -5.4kcal/mol respectively, indicating increased cluster strength. As seen in Figure
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3.17, the dominant interactions between the AA and EPD is hydrogen bonding between
the acidic carboxyl group of the AA and the secondary amine, aliphatic hydroxyl groups
of the EPD. At ratios greater than 2:1, an additional weak interaction is also observed
between AA and the aromatic ring of the EPD. The 3:1 ratio is shown below in Figure
3.18.

C

Figure 3.18 Molecular modelling of EPD with 3 AA monomer units, showing a multiple points of
interaction. Template is shaded green and hydrogen bond distances are indicated in red.

AA to EPD ratios above 5:1 show high AEnteraction, (> -5.1kcal/mol), however at this
stoichiometry and beyond, monomer-monomer self-association become increasingly
prevalent (Figure 3.19) leading to increasingly complex clusters without additional

template stabilisation.
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Figure 3.19 Molecular modelling of EPD with 5 AA showing a multiple points of interaction. Some
monomer-monomer interaction is also observed. Template is shaded green and hydrogen bond distances
are indicated in red.

The criteria of maximum AE nteraction and minimum monomer self-association indicates a
3:1 ratio as being the preferred. The combination of multiple interaction sites and high

energies of interaction have been shown to improve MIP specificity™*

. The modelling is
performed in silico and suggests likely sites of interaction between the monomer and
template. The limitations of the software prevent the modelling of the protonation of the
secondary amine of the EPD template (pKjs; 9.6) by the acidic AA functional monomer
(pKa 4.26). This would lead to a stronger acid-base interaction which is not shown by
the modelling. The site of this acid-base interaction is however still indicated in the

modelling although as a weaker hydrogen bonding interaction.
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3.2.2 (-)-Ephedrine — Matrix Monomer/Crosslinker Molecular Modelling

The molecular modelling results for EPD with the matrix monomers N-
isopropylacrylamide (IPA) and the cross-linker N,N’-methylenebisacrylamide (MBA)

are compared with those for AA in Figure 3.20.
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Figure 3.20 AEineraction Of EPD with AA, IPA and MBA across a range of M-T ratios.

From Figure 3.20 it can be seen that the AEinteraction fOr IPA with EPD are negative for
M-T ratios up 4:1 signifying a favourable interaction. These energies are less negative
than AA across all stoichiometries, indicating that AA interacts more favourably with
EPD.

Molecular modelling indicates hydrogen bonding between the secondary amine and the

hydroxyl groups of the EPD and the oxygen lone pair of the IPA amide unit. The 1:1 M-

T ratio which produced the highest energy of interaction is shown in Figure 3.21.
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Figure 3.21 Molecular modelling of EPD with 1 IPA showing a single point of interaction. Template is
shaded green and hydrogen bond distances are indicated in red.

IPA shows a modest association with EPD, indicated by an intermediate bonding
distance (1.72 A). Due the higher electronegativity of the oxygen, the primary point of
interaction between IPA and EPD is between their carbonyl and hydroxyl groups
respectively. Additional IPA monomers similarly interact with the secondary amine of
EPD. At ratios above 4:1, modelling indicates that the additional monomer units only
produce monomer-monomer interactions and do not interact with the template. These
molecular modelling results indicate that IPA has only a minor association with EPD

compared to the AA functional monomer.

From Figure 3.20 it can be seen that the AEintraction for MBA with EPD are comparable
to those of AA up to a 5:1 ratio signifying a favourable interaction at low cluster
stoichiometry. The modelling suggests hydrogen bonding interactions between
secondary amine and the hydroxyl group of the EPD and the amide units of the MBA
stabilise the clusters. The 2:1 ratio, which produced the highest AEinteraction Without
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evidence of monomer self-association, is shown in Figure 3.22. At ratios of 4:1 and
above, modelling indicates that monomer self-association dominates over monomer-

template interactions.

Figure 3.22 Molecular modelling of EPD with 2 MBA showing multiple points of interaction. Template
is shaded green and hydrogen bond distances are indicated in red.

In the 2:1 system, the hydroxyl group of the EPD produces a two point interaction with
the MBA unit, acting as both a hydrogen bond donor and acceptor (Figure 3.22 above).
The electronegativity of the oxygen atoms in the template and MBA unit involved in the
association leads to a relatively short bond length in the resultant hydrogen bond. By
contrast, the single point interaction between the less electronegative EPD amine and
MBA unit (3.21 left) results in a bond length of 2.06 A.

The hydrogen bonds distances for EPD with MBA are on average longer than those
observed for AA, indicating reduced hydrogen bond strength. These molecular
modelling results indicate that MBA has some interaction with EPD, although lower

than that observed for the AA functional monomer.
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3.2.3 NMR Studies

'H NMR titration of the AA functional monomer in the presence of the EPD template
was performed to confirm the presence of the interactions identified using molecular

modelling. Figure 3.23 shows the spectra of EPD with increasing molar equivalents of

AA. d
H
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Figure 3.23 'H-NMR spectra of pure EPD and various EPD:AA ratios (as indicated on the right) in de-
DMSO.Structures of EPD and AA are shown above, along with corresponding proton labelling.

In the presence of AA, peaks associated with EPD protons (1, 2, 3 and 4) were seen to
move downfield indicating that these nuclei were experiencing a deshielding effect.
This is a result of the protonation of the secondary amine in the EPD and is indicated by

the peak splitting observed in protons 1 and 2 and the large changes in chemical shifts
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observed for all protons. This suggests that a strong acid-base interaction will occur
between the EPD and AA at this site. Figure 3.24 shows the extent of the downfield

shifts as a function of the template-monomer ratio.
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Figure 3.24 Change in chemical shift (A8) of different EPD protons upon titration with increasing molar
equivalents of AA in CDCl;. EPD structure is included above to show labelling of protons.

Figure 3.24 displays the change in chemical shift experienced by EPD protons during
titration with AA. The greater shift experienced by Proton 2 suggesting an immediate
(alpha) proximity to the interaction site. Methyl protons (3 and 4) show a significantly
reduced chemical shift signifying removal from the sphere of influence of the acid-base
interaction at the EPD heteroatoms™*’. The acid-base interaction determined by NMR
was not observed during molecular modelling due to limitations of the modelling
software in analysing this type of interaction. The modelling did however suggest this

secondary amine as a likely point of interaction through weaker hydrogen bonding.
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The AS of Proton 2 reaches a maximum after the addition of 1 molar equivalent of AA,
indicating the formation of the 1:1 AA-EPD complex and is consistent with the
formation of a strong acid-base interaction. The curve associated with proton 1 takes
longer to plateau (>3:1) indicating that subsequent AA additions promote additional
interactions with the EPD template. This suggests that although the M-T interactions
will be dominated by the acid-base interaction at the site of the secondary amine which
occurs at a M-T ratio of 1:1, additional weaker interaction, such as the hydrogen
bonding suggested by the molecular modelling, may occur as a result of subsequent

additions.

The NMR titration also showed significant changes in the chemical shift of the AA
protons (a, b, c and d). Figure 3.25 shows the change in shift of AA protons as a
function of AA concentration both in the presence and absence of EPD, in order to
assess template — monomer and monomer-monomer interactions. EPD presence results
in an upfield shift of all AA protons with increasing AA concentration, which plateaus
at a 2:1 ratio in the case of protons ¢ and d but is less defined in the case of protons a
and b.

The titration also showed significant A for AA proton a. This proton experiences a
change in & throughout the entire titration, unlike the EPD protons and the remaining
AA protons which showed no significant changes beyond the 3:1 EPD-AA ratio. This is
likely due to dimerisation associated with AA self-interaction, which is supported by the
change in shift observed in the self-titration of AA. This confirms the presence of

monomer-monomer interactions taking place in the presence of EPD.
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Figure 3.25 Change in chemical shift (Ad) of different AA protons upon titration with and in the absence
of EPD in CDClIs. AA structure is included above to show labelling of protons.

NMR titrations of IPA and MBA with EPD were also performed to assess their
interactions and validate the predictive molecular modelling studies. Figure 3.26 and
3.27 shows the extent of the downfield shifts as a function of the template-monomer

ratio of the EPD protons during titrations with IPA and MBA, respectively.
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Figure 3.26 Change in chemical shift (Ad) of different EPD proton resonances upon titration with
increasing molar equivalents of IPA in CDCls. EPD structure is included above to show proton labelling.
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Figure 3.27 Change in chemical shift (Ad) of different EPD proton resonances upon titration with
increasing molar equivalents of MBA in dg-DMSO. EPD structure is included above to show proton
labelling.
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The results show comparatively small movements in chemical shift (<0.05ppm) for all
EPD proton resonances during the titration, suggesting that IPA has little interaction

with the EPD template and supports the molecular modelling predictions.

Some chemical shift (up to ~0.2ppm) is observed in the EPD protons during the titration
with MBA. This was similarly predicted by molecular modelling, as the presence of an
additional amide group compared to IPA results in a two point interaction with the
hydroxyl group of EPD. While some interaction is observed between MBA and EPD,
the magnitude is again relatively small when compared to that observed with AA

The combined modelling and NMR titrations studies provided compelling evidence to
warrant the use of AA as a functional monomer in the preparation of EPD imprinted
polymers. A 1:1 monomer to template ratio with AA was identified as sufficient feed
ratio with the monomer template interactions being dominated by the formation of an
acid-base interaction following amine protonation. Additional, although weaker,
interactions were observed at higher monomer template ratios up to 3:1. This was
therefore selected as a preferred feed ratio as it showed a high degree of interaction,
multiple points of interaction and little evidence of monomer self-association. These
properties have been shown to improve the specificity and selectivity of the resulting
polymer.

Low levels of interaction between the template, matrix monomer and cross-linker are
desirable qualities in molecular imprinting as it improves the specificity of the resultant
polymer by limiting non-specific binding interactions at the polymer surface. The
results suggest that the IPA will not significantly interact with the EPD template,
making it suitable for use as a matrix monomer, providing structural integrity to the
polymer. Some interaction between MBA and EPD was predicted, although lower than
that observed with AA.
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3.2.4 Polymer Preparation

Molecular modelling and NMR studies above demonstrated that AA is a suitable
functional monomer for use with an EPD imprinted polymer. A 3:1 monomer-template
stoichiometry was identified to be optimal as a feed ratio because of predictive
interaction energies and the presence of multi-point cluster interactions suggested in
silico. The modelling results also suggested little or no monomer self-association at this
ratio. Given the similarity of these findings to the Matsui formulation (3.9:1), it was
decided to employ to the Matsui formulation for our MIP preparations for comparative
purposes. IPA and MBA were again used as a matrix monomer and cross-linker

respectively, again resulting in the formation of a hydrogel.

Success in incorporating and extracting EPD into and from the PAA-IPA-MBA
membrane was initially assessed using FTIR spectroscopy. Figure 3.28 shows FTIR
spectra of EPD, a non-imprinted polymer (NIP), an as synthesized or virgin EPD
imprinted polymer (V-MIPgpp) and an extracted EPD imprinted polymer (Ex-MIPapr)
for comparative purposes. All polymers were briefly rinsed with distilled water prior to
FTIR to remove any surface EPD and allowed to dry.
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Figure 3.28 FTIR spectra of pure EPD (a) and PAA-IPA-MBA; Non-imprinted polymer (NIP) (b),
Virgin EPD imprinted polymer (V-MIPgpp) (€), and Extracted EPD imprinted polymer (Ex-MIPgpp) (d).
The diagnostic aromatic hydrogen (~700cm ™) peak used to determine the presence of EPD is shaded.

A prominent peak, at approximately 700cm™, corresponding to the out of plane bending
of the EPD aromatic hydrogen atoms, did not overlap with peaks present in the polymer
and was therefore chosen as the diagnostic peak to assess the presence / absence of
EPD. Template extraction from the polymer was also assessed qualitatively using this
diagnostic peak. The presence of the EPD peak in the V-MIPgpp demonstrates that EPD
has been successfully incorporated into the imprinted polymer. The absence of the peak
in the EX-MIPgpp spectrum indicates that the EPD template was successfully removed
from the MIP by extraction.
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3.2.5 Rebinding Studies

Rebinding of the template, post-extraction was qualitatively assessed using FTIR by
monitoring the re-emergence of the EPD peak at 700cm™ (Figure 3.29). Of note is the
absence of the peak from the non-imprinted polymer (NIP) both before and after

rebinding, indicating the absence of binding cavities in this film.

e MIP EPD Virgin == IP EPD Extracted
MIP EPD Rebound = NP Virgin
= NIP Rebound

1400 1300 1200 1100 1000 900 800 700 600 500
Wavenumber (cm-1)

Figure 3.29 FTIR spectra of PAA-IPA-MBA; Virgin EPD imprinted polymer (V-MIPgpp) (a), EPD
imprinted polymer (Ex-MIPgpp) (b), Rebound EPD imprinted polymer (Rb-MIPgpp) (c), Virgin non-
imprinted polymer (V-NIP) (d) and Rebound non-imprinted polymer (Rb-NIP) (e). The diagnostic peak
(700cm™) used to determine the presence of EPD is shaded.

Swelling of the EPD imprinted PAA-IPA-MBA polymer was comparable to that of the
ADR imprinted system as seen in Figure 2.12. As a result, rebinding studies for the
EPD imprinted system were similarly carried out over 24 hours to allow for complete

polymer swelling.
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Quantitative rebinding results were produced using HPLC and are shown in Figure
3.30. The results show rebinding of the EPD imprinted polymers (MIPgpp) in
comparison to the binding of that template to the NIP. The rebinding results for the
ADR imprinted polymer discussed above are also included for comparison. Imprinting

factors (1) (Equation 3) were calculated for each polymer system.

Rebound (umol/mg)

MIP NIP MIP NIP
(-)-Ephedrine Adrenaline

Figure 3.30 HPLC rebinding results for EPD and ADR imprinted PAA-IPA-MBA in aqueous 1mM
template solutions. These studies were performed in duplicate.

The MIPgpp showed high levels of rebinding with EPD, however an imprinting factor of
only 2.39 was achieved due to the comparatively high levels of non-specific binding in
the NIP, as shown in Table 3.2. In contrast, the MIPapr showed comparatively low
levels of rebinding with ADR but achieved an imprinting factor of 3.37 due to the very
low levels of non-specific binding in the NIP. The EPD imprinted polymers showed
higher levels of rebinding, whilst the ADR imprinted polymers showed better selectivity

for their respective templates.
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Table 3.2 Template Rebinding and Imprinting Factors (1) for EPD imprinted PAA-IPA-MBA polymer

MIP Rebound NIP Rebound Imprinting Factor
(umol/mg) (umol/mg)
299.2 +54.4 1254+ 7.4 23

NMR titrations for both templates yield comparable changes in chemical shift for
similar protons in each template and molecular modelling also shows similar strengths
in hydrogen bonding as indicated by bond length. Binding results however indicates
that AA interacts more strongly with the EPD template resulting in higher levels of
template rebinding. This also leads to an increase in non-specific binding as observed in

the NIP, leading to a slight reduction in the imprinting factor.

The PAA-IPA-MBA system achieves produces excellent imprinting factors for both
ADR and EPD indicating favourable binding of both templates. This shows that the
PAA-IPA-MBA system used by Matsui et al.®® 2% for the ADR template can be adapted
for use with templates of forensic interest such as EPD.

3.2.6 Cross Reactivity Studies

After demonstrating the successful imprinting and subsequent rebinding of the EPD
template using the PAA-IPA-MBA system, a selection of analytes were chosen to
investigate the influence of structural character on the recognition qualities of MIPgpp.
Analytes possessing structural similarity to EPD, including: (1S,2R)-(+)-Ephedrine
Hydrochloride (EPDHCL), (1S,2S)-(+)-Pseudoephedrine ((+)-PSEPD) and (1R,2R)-(-)-
Pseudoephedrine ((-)-PSEPD) were selected to probe the enantiomeric and
diastereomeric selectivity of the membrane; ADR to determine the effect of additional
functionality on the aromatic ring; and Caffeine (CAFF) and Theophylline (THEO) to
investigate the effects size, shape and electronic character on analyte binding. The

structures of the chosen analytes are shown in Figure 3.31.
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Figure 3.31 Structures of analytes selected for cross-reactivity studies

Cavity integrity within the PAA-IPA-MBA MIPgpp Was assessed by comparing analyte
rebinding to the template. Figure 3.32 shows the cross-reactive binding of result for all

the analytes.
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Figure 3.32 Cross reactive binding results for an EPD imprinted PAA-IPA-MBA polymer in 1mM
solution of a range of analytes. Numbers above the data sets indicate corresponding imprinting factors.
These studies were performed in duplicate.

The results show that the EPD imprinted polymer was incapable of discerning between
stereoisomers. The polymer shows comparable selectivity towards (-)-PSEPD and (+)-
PSEPD compared with that for EPDPS. The large degree of observed swelling during
template rebinding is believed to result in a slight ‘loosening’ of the binding cavity,
preventing chiral selectivity. This is due to the low cross-linked nature of the IPA-MBA
hydrogel used in this polymer system compared to traditionally highly cross-linked
polymers, which typically display a more rigid binding cavity™*®. Although the binding
cavity is not as rigid as those formed in traditional MIP systems, sufficient size, shape
and functionality is retained in the binding cavity to permit selectivity against non-

structurally related analytes.

EPDHCI was shown to have a significantly reduced binding towards the MIP and NIP

compared with the EPD free base form. Selectivity is also significantly reduced with an
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imprinting factor of 1.44. Given that the both (-)-PSEPD and (+)-PSEPD show similar
binding to EPD it is unlikely that the reduction in binding observed with EPDHCL
relates to stereochemistry. As the amine is already protonated, the EPDH" is unable to
form the acid-base interaction with the functional monomer (-COOH) in the binding
cavity resulting in the observed decrease in selectivity. Additionally the presence of the
chloride ion acts as a strong base in solution. Bulk imprinted polymers have been shown
to typically possess relatively low binding kinetics which suggests the chloride ion may

be outcompeting the imprinted polymer for the protonated EPD.

In the case of ADR, CAFF and THEO analytes, negligible binding was observed with
the NIPs and a negative binding was observed for the MIPs. The negative binding result
likely arises from preferential uptake of solvent during polymer swelling, resulting in an
effective increase in analyte concentration. When rebinding with EPD, the significant
amount of template rebound into the polymer results outweighs this concentration
effect. However when rebinding with ADR, CAFF and THEO these analytes do not
significantly rebind to the polymer. Since the amount of template rebound is calculated
based on the concentration of the analyte in the remaining rebinding solution, solvent
uptake due to polymer swelling combined with the lack of analyte binding results in net

negative binding being observed.

ADR shows significantly reduced binding in both the MIP and NIP compared to EPD.
The structures of the two compounds are very similar with the significant difference
being the presence of the two ADR phenolic units. Since the size of ADR is only
slightly longer than that of EPD (9.8A compared to 9.5A) it is unlikely that a size
exclusion mechanism is solely responsible for the reduction in rebinding observed with
ADR. The phenol units appear to sufficiently alter the electronic character of ADR so as

to make it incompatible with the binding cavity.

The binding results of CAFF and THEO also show significantly reduced binding
compared to EPD. These analytes show substantial differences in size, shape and

functionality relative to the EPD template. The large difference in size and shape (6.4A
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wide x 7.4A long for CAFF and THEO compared to 5.4A x 9.5A long for EPD) suggest
that a size exclusion mechanism is likely responsible for to reduced binding observed

with these analytes.

In summary, the cross reactivity studies have successfully shown that the EPD
imprinted PAA-IPA-MBA polymer is highly specific to EPD indicating that the binding
cavities in the MIP are selective to the template and will not accept analytes who size,
shape or functionality differ significantly from that of the template. The PAA-IPA-
MBA polymer cannot differentiate between stereoisomers of EPD suggesting some

degree of ‘looseness’ in the binding cavity.

3.2.7 Incorporation of Gold Nanoparticles and UV-Vis Spectroscopic Rebinding Studies

MUA stabilised gold nanoparticles (Aumua) Were incorporated into the pre-
polymerisation mixture, which resulted in the mixture becoming distinctly coloured as
seen in Figure 3.33. Following film formation, the PAA-IPA-MBA Aupua MIP,
spectroscopic studies (UV-visible spectrophotometer) were performed to determine if a
spectral shift in the plasmon absorbance band of the gold nanoparticles could be
observed to mark template rebinding. As with the case with the ADR-imprinted MIP,
no peak associated with the plasmon absorbance band was observed in the film
spectrum. Measurements taken of the MIPgpp-Aupmua before and after template binding

were comparable to those for the MIPapr-Aumua (Figure 3.15).

95



CHAPTER 3 — GOLD NANOPARTICLES AND MOLECULARLY IMPRINTED POLYMERS

Figure 3.33 PAA-IPA-MBA MIPEPD with (b) and without () Aumua.

3.2.8 Summary

Pre-synthetic interactions studies utilising molecular modelling and NMR titrations
were successfully used to identify AA as a suitable functional monomer for use with the
EPD template. Additionally, a 1:1 template-monomer ratio was found to produce a
strong acid-base interaction due to protonation of the EPD template. Further weaker
interactions were also observed additional AA. These pre-synthetic studies also
determined that EPD interaction with IPA and MBA is minimal making them ideal for

use as a matrix monomer and crosslinker respectively.

Rebinding studies carried out after 24 hours showed significantly higher levels of EPD
rebinding in the MIP compared to the NIP, with 2.39 imprinting factor obtained
demonstrating that the PAA-IPA-MBA system is selective for the EPD template. This
shows that the PAA-IPA-MBA system used by Matsui et al.?® %% for the ADR template
can be adapted for use with templates of forensic interest such as EPD. In addition cross
reactivity studies of EPD imprinted PAA-IPA-MBA polymers demonstrate high

specificity against non-ephedrine based analytes.
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Spectroscopic rebinding studies based on a shift on the plasmon absorbance of
embedded gold nanoparticles during template rebinding were unsuccessful. Gold
nanoparticles were successfully prepared and the plasmon absorbance band was
observed in the UV-Vis spectrum, however this effect was unable to be replicated once
the nanoparticles were embedded in PAA-IPA-MBA system. This in addition to the
time needed for rebinding (>5 hours), makes the PAA-IPA-MBA system less than ideal

for use as a forensic sensor which preferably require results as quickly as possible.
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3.3 Poly(Acrylic Acid-co-Acrylonitrile-co-Methyl Methacrylate) —
Ephedrine Template

Previous work within our group utilised an alternative polymer system of poly(acrylic
acid-co-acrylonitrile-co-methyl methacrylate) (PAA-AN-MMA). Template rebinding in
this system occurs rapidly - as little as 10 minutes after immersion in the rebinding
solution, offering potentially significant improvement over the PAA-IPA-MBA film*®.
For this reason, an assessment of the poly(acrylic acid-co-acrylonitrile-co-methyl

methacrylate formulation was undertaken.

3.3.1 Ephedrine-Matrix Monomer Molecular Modelling

The molecular modelling results for EPD with the matrix monomers acrylonitrile (AN)
and methyl methacrylate (MMA) are compared with those for AA in Figure 3.34.
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Figure 3.34 AEineraction Of EPD with AA, AN and MMA across a range of M-T ratios.

From Figure 3.34 it can be seen that the AEntraction fOr AN with EPD are all negative in

value, signifying favourable interaction with the template. These interaction energies
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were however significantly less favourable than the cluster energies produced by acrylic
acid, indicating that AA associates more strongly with the template.

The modelling results indicate hydrogen bonding interactions involving the EPD
secondary amine and hydroxyl functional groups. The 4:1 AN — EPD cluster that
produced the highest AEnteraciion 1S alSo shown below in Figure 3.35. At ratios greater
than 4:1, modelling indicates that the presence of additional functional monomer units

does not produce additional interactions with the template.

C

Figure 3.35 Molecular modelling of EPD with 4 AN showing a single point of interaction. Template is
shaded green and hydrogen bond distances are indicated in red.

Hydrogen bond distances for AN with EPD are long (>1.95A) suggesting relatively
weak interactions compared to those found in the AA clusters. These results suggest

that AN monomers will form weaker interactions with the EPD than the AA units.

From Figure 3.34 it can be seen that the AEnteraction for MMA with EPD are likewise all

negative, signifying favourable cluster formation. While MMA interaction energies
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indicate less favourable template-functional monomer associations relative to AA, the
modelled system demonstrating the lowest AE neraciion (Figure 3.34) indicates hydrogen
bonds of comparable length, suggesting similar strengths. Ratios of 5:1 and greater
showed no additional monomer-template interactions. These higher stoichiometries
have a detrimental effect on interaction energy, presumably through increased steric

factors.

Figure 3.36 Molecular modelling of EPD with 4 MMA showing two points of interaction. Template is
shaded green and hydrogen bond distances are indicated in red.

Due to the functionality of both AN and MMA, both monomers are only capable as
acting as hydrogen bond donors, whereas AA possesses both donor and acceptor
functional groups. As a result, AN and MMA from only single point interactions with
amine and alcohol protons of EPD, whereas AA is observed to form additional
hydrogen bonds with the nitrogen and oxygen atoms themselves. Simultaneous
modelling of EPD with both AA and MMA has suggests that in a competitive situation

AA forms stronger interactions than MMA°,
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It should be noted that at low monomer-template ratios (< 5:1), AN and MMA show
comparable or better interaction energies than those observed for both IPA and MBA

(Figure 3.3) used in the previous model system.

3.3.2 NMR Studies

NMR titration between the EPD template and the matrix monomers (AN and MMA)
were performed to assess interactions previously identified through molecular
modelling. Figure 3.37 and 3.38 show the extent of the downfield shifts of the EPD
protons as a function of the template-monomer ratio during titration with AN and MMA

respectively.
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Figure 3.37 Change in chemical shift (A3) of different EPD protons upon titration with increasing molar
equivalents of AN in CDCl;. EPD structure is included above to show labelling of protons.

101



CHAPTER 3 — GOLD NANOPARTICLES AND MOLECULARLY IMPRINTED POLYMERS

0.1 -
0.08 -
0.06 -
0.04 -

— 0.02 - A

£ w—:@z

2 o0

2]

<.0.02 - ——1
-0.04 - —a—2
-0.06 - 3
-0.08 - A
'0.1 T T T T 1

0 2 4 6 8 10

Figure 3.38 Change in chemical shift (A8) of different EPD protons upon titration with increasing molar
equivalents of MMA in CDCl;. EPD structure is included above to show labelling of protons.

These results demonstrate comparatively small (<0.05ppm) chemical shift of the EPD
protons during the titration with both monomer units, suggesting that neither monomer
interacts significantly with the EPD template, despite some interaction being predicted

based on the molecular modelling studies.

The combination of results obtained from molecular modelling and NMR titrations
indicate that the IPA and MBA will not significantly interact with the EPD template,
when compared to AA functional monomer. This makes them suitable for use as matrix
monomers, providing bulk and structural support to the polymer but having little
affinity for the template.

3.3.3 Polymer Preparation

Molecular modelling and NMR studies above demonstrated that AA is a suitable
functional monomer for use with an EPD imprinted polymer. A co-polymer of AA, AN
and MMA was prepared in the absence of the template. The polymer includes AA as the

functional monomer, however the bulk of the polymer is composed of AN and MMA
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whose primary role, as matrix monomers, is to provide the bulk and rigidity required to
support the formation of template cavities in the absence of a crosslinker species. Since
the matrix monomers account for a large proportion of the polymer composition they
also play a significant role in determining the physical properties of the resulting

polymer.

The use of an AN-based polymer, with an AA functional monomer, was previously
investigated by this author for cocaine imprinted MIPs. The resulting polymer films
were of good quality and achieved imprinting factors of 4.4 after only 10 minutes of
binding. AN is frequently used as a matrix monomer in film formation, as it has been
shown to produce good quality films that are both flexible and porous. In addition, AN

polymers are typically resistant to most solvents, making them robust and reusable.

The use of MMA as a matrix monomer has also been investigated by Brisbane et al.***
139 and has been shown to result in films possessing uniform structure and porosity
which leads to improved performance characteristics (selectivity and reproducibility).
The particular polymer composition of the P(AA-AN-MMA) used herein was
previously shown to produce high quality polymeric films using the phase inversion
technique.

The absence of a cross-linking monomer in the PAA-AN-MMA copolymer formulation
allows for dissolution in a polar aprotic solvent such dimethyl sulfoxide (DMSO). The
EPD template can then be incorporated into the polymer solution in a 1:3 molar ratio
(based on the quantity of AA present in the polymer) in a process known as post-

polymerisation imprinting.

EPD imprinted polymers (MIPgpp) were produced together with a non-imprinted control
polymer (NIP). Immersion precipitation or wet phase inversion was used to produce
polymeric films by coating a substrate with a thin layer of the polymer solution,
followed by immersion in a coagulation (insoluble to polymer) bath. Diffusion between
the solvent and non-solvent results in the precipitation of the polymer onto the substrate.
If a flat substrate is used during polymer precipitation then a flat membrane or film

forms. Examples of the produced films (MIPfgpp and NIPT) are seen in Figure 3.39.
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Figure 3.39 PAA-AN-MMA films; MIPfgpp (a) and NIPT (b)

The incorporation of EPD into the polymers was again confirmed qualitatively by FTIR
spectroscopy. The prominent peak at approximately 700cm™, corresponding to the out

of plane bending of the aromatic hydrogen, was again used to assess presence of EPD.

Figure 3.40 show the spectra of a non-imprinted polymer film (NIPf), an as synthesized
or virgin EPD imprinted polymeric film (V-MIPfgpp) and an extracted EPD imprinted
polymeric film (Ex-MIPfepp). The presence of the diagnostic EPD peak in the V-
MIPfepp demonstrates that EPD has been successfully incorporated into the imprinted
polymer. The absence of the peak in the NIP and Ex-MIPgpp indicates that the EPD is
not present in the NIP and can be successfully removed from the MIP through the

extraction process.
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Figure 3.40 FTIR spectra of pure EPD (a), and PAA-AN-MMA; Non-imprinted polymer (NIPf) (b),
Virgin EPD imprinted polymer (V-MIPfgpp) (C), and Extracted EPD imprinted polymer (Ex-MIPfgpp) (d).
The diagnostic peak (700cm™) used to determine the presence of EPD is shaded.

3.3.4 Rebinding Studies

The success of the rebinding following template extraction was again assessed
qualitatively using FTIR according to the re-emergence of the EPD peak as seen in
Figure 3.41. The diagnostic EPD peak observed in the V-MIPgpp and absent in the Ex-
MIPepp, is again observed in the rebound EPD imprinted films (Rb-MIPgpp) indicating
successful rebinding of the EPD into the polymer. Additionally this diagnostic peak is
absent from the spectra of the non-imprinted polymer following rebinding (Rb-NIP),
indicating that the EPD template does not bind to the NIP.
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Figure 3.41 FTIR spectra of (a) Virgin EPD imprinted polymer (V-MIPgpp), (b) EPD imprinted polymer
(EX-MIPgpp), (c) Rebound EPD imprinted polymer (Rb-MIPgpp), (d) Virgin non-imprinted polymer (V-
NIP and (e) Rebound non-imprinted polymer (Rb-NIP). The diagnostic peak used to determine the
presence of EPD is shaded.

Quantitative rebinding results were produced using HPLC for a number of rebinding
times ranging from 10 minutes to 24 hours. Figure 3.42 show rebinding of the imprinted
polymers with EPD in comparison to the binding of EPD to the NIP. Imprinting factors
() (Equation 3) were calculated for each rebinding time and shown in Table 3.3.
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Figure 3.42 HPLC rebinding results for PAA-AN-MMA in 1mM EPD solution. Rebinding was also
measured after 24 hours with no significant additional binding observed. Rebinding study was performed

in triplicate.

Table 3.3 Imprinting Factors (I) for EPD imprinted PAA-AN-MMA polymer as a function of time.

Time MIP Rebound NIP Rebound Imprinting
(min) (umol/mg) (umol/mg) Factor

10 0.20 + 0.06 0.04 £ 0.02 5.0

30 0.39 + 0.09 0.07 £ 0.03 5.7

60 0.46 + 0.04 0.05 + 0.02 8.6
120 0.68 + 0.04 0.09 + 0.04 7.2
1440 0.70 £ 0.08 0.14 + 0.06 5.1

The PAN-AA-MMA system shows significantly higher EPD rebinding in the MIPgpp
for all time periods compared to the NIP. After 10 minutes, the MIPgpp shows rebinding

of 0.20umol/mg compared to 0.04umol/mg in the corresponding NIP (imprinting factor

= 5.04). Rebinding in the MIPgpp increases linearly until t= 2 hours (rebinding =

0.68umol/mg) whereupon saturation is reached allowing only an additional 0.02umol/mg

of template to be rebound at t=24 hours. Rebinding in the case of the NIP shows a less

steep binding profile, suggesting low relative specificity attributable to non-specific

surface binding. Plateauing also occurs after approximately 2 hours suggesting that

similar mass transfer kinetics occur in both the imprinted and non-imprinted films. The
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imprinting factor exceeds 5 for all time periods with maximum selectivity (I = 8.58)
achieved at t = 1 hour.

The high imprinting factors achieved for the PAA-AN-MMA system combined with the
short rebinding time period required makes this system far more suited to forensic
sensing applications. The PAA-AN-MMA system was therefore chosen for further

investigation with gold nanoparticles.

3.3.5 Gold Nanoparticle Preparation and Incorporation

11-Mercaptoundecanoic acid stabilised gold nanoparticles (Aumua) Were successfully
prepared and incorporated into the PAA-AN-MMA polymer during post-polymerisation
imprinting. A concentration of 32.4 wt.% of gold nanoparticles in the polymeric films
was used similar to the wt.% used by Matsui et al. in their polymer system.
Incorporation of the nanoparticles into the polymer matrix following phase inversion
was visually confirmable due to the distinct colour accompanying the inclusion of the
nanoparticles (Figure 3.43 b). No visible leaching of gold nanoparticles from the

polymer films was observed to occur during film formation.

Figure 3.43 PAA-AN-MMA MIPgpp, films without (a) and with (b) embedded Auyya
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3.3.6 Rehinding Studies

Following template extraction (confirmed by FTIR), film selectivity was quantitatively
assessed using HPLC for a number of rebinding times ranging from 10 minutes to 24
hours. Figure 3.44 shows rebinding of the imprinted polymer MIPgpp-Aumua With EPD
in comparison to NIP-Aumua. Imprinting factors (1) (Equation 3) were calculated for

each rebinding time and shown in Table 3.4.
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Figure 3.44 HPLC rebinding results for EPD with PAA-AN-MMA-Aupua. Rebinding was also measured
after 24 hours with no significant additional binding observed.

Table 3.4 Imprinting Factors (I) for PAA-AN-MMA-Aupua.

Time MIP Rebound NIP Rebound Imprinting
(min) (umol/mg) (umol/mg) Factor
10 0.14 £0.02 0.03£0.02 3.9
30 0.23+0.03 0.05+0.02 4.5
60 0.30+£0.04 0.05+0.01 5.0
120 0.32£0.06 0.07 £0.02 4.8
1440 0.30+£0.08 0.08 £0.01 4.0

The gold embedded PAA-AN-MMA-Aupmua film shows higher rebinding across all
time periods compared to the control. After 10 minutes, the MIPgpp has rebound
0.13umol/mg compared to 0.03umol/mg in the corresponding NIP resulting in an
imprinting factor of 3.93. Rebinding in the MIPgpp increases steadily until plateauing at

approximately 1 hour and with a maximum of 0.32umol/mg after 2 hours. Rebinding in
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the NIP increases very little with time and after 24 hours the maximum amount of
template rebound to the NIP is 0.08umol/mg.

By comparing Figure 3.44 with Figure 3.42 above, it can be seen that the inclusion of
Aunmua causes a significant decrease in the rebinding of the MIP. However since the
rebinding of the NIP is reduced by less than of the MIP, the resulting imprinting factors

are also reduced.

The relatively small difference in the rebinding of the NIP with the inclusion of the
Aunmua indicates that there is no significant change in non-selective binding as a result
of the gold nanoparticles. This signifies that the gold nanoparticles themselves are not
binding to the EPD to cause the drop in MIP binding. The reduction in MIP binding is
therefore likely caused by either by the gold occupying the binding the binding cavities

or by hindering template access to the cavities.

Despite this drop in binding of the MIP imprinting factors of at least 1.90 are still
achieved for all time periods with the maximum of 3.72 occurring after 1 hour.

3.3.7 UV-Vis Spectroscopic Rebinding Studies

Following evaluation of the rebinding of the PAA-AN-MMA system with embedded
AUpnua by HPLC, spectroscopic studies of the films were carried out to determine if
any colourimetric shift in the plasmon absorbance of the gold nanoparticles is observed

during template rebinding.

Measurements were then taken of the MIPgpp-Aupmua and NIP-Aupmua in ImM EPD to
determine the effect of the template on the plasmon absorbance of the embedded
Aupmua. An example of the shift in spectrum is shown below in Figure 3.45, with a clear

hypsochromic being observed during EPD rebinding. The shift in peak wavelength is
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also shown to be reversible with peak absorbance of the PAA-AN-MMA-Aupmya film
resembling that observed prior to EPD binding.

== |nijtial

10 Minutes

2 Hours
)4 Hours

= Re-extracted

Absorbance

450 500 550 600 650
Wavelength (nm)

Figure 3.45 UV-Vis spectra of PAA-AN-MMA-Aupua in ImM EPD over 24 hours and following re-
extraction.

Initial measurements were also taken of the MIPgpp-Aumua and NIP-Aupua in water to
determine the effect of swelling from the solvent. Peak position in these polymers
remains steady for both the MIPgpp-Aupmua and NIP-Aupua at approximately 532nm
and shifting no more than 1 nm. A significant hypsochromic shift is seen in the spectra
of both the MIPgpp-Aumua and NIP-Aupua With the peak in the NIP-Aumua shifting
8nm to 525nm and the MIPgpp-Aumua shifting 15nm to 518nm. Figure 3.46 shows the
shift in peak wavelength of gold nanoparticles for MIPgpp-Aupmua and NIP-Aupua in
both ImM EPD and water from 10 minutes to 2 hours. A detectable shift is observed
after as little as 10 minutes offering a significant improvement over the PAA-IPA-MBA

system used by Matsui et al.
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Figure 3.46 Peak shift of PAA-AN-MMA-Aupua in 1mM EPD. Peak shift was also measured after 24
hours with no significant additional shiftobserved.

This result demonstrates that gold nanoparticles can be incorporated into the PAA-AN-
MMA system and used to produce a viable method of detection through a shift in the

UV spectrum of the gold nanoparticles.

Figure 3.47 compares the peak shift in the UV-Vis spectrum observed during template
rebinding with the quantitative rebinding results obtained via HPLC. A direct
comparison of these results in Figure 3.48 shows a direct correlation (R = 0.99) between
amount EPD rebound to the polymer (as determined by HPLC) and the shift in the peak
absorbance of the embedded Aupua. This allows for the possibly of quantitative

detection of the EPD template based on the observed shift in the UV-Vis spectrum.
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Figure 3.47 HPLC rebinding results compared with peak shift for PAA-AN-MMA-Auyya in 1mM EPD.
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Figure 3.48 Peak shift of PAA-AN-MMA-Aupua compared to amount of EPD template rebound as
determined by HPLC.

PAA-AN-MMA-Aumua polymers were rebound in increasing EPD concentration to

investigate the effect of template concentration on the UV-Vis absorbance of the
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embedded Aupmua. Concentrations from 0.01 to 5M were used with the results shown in
Figure 3.49.
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Figure 3.49 Peak shift of PAA-AN-MMA-Aupua in increasing EPD concentrations.

A concentration dependant response is observed in the shift produced in the ultraviolet
spectrum of the embedded gold nanoparticles. Higher concentrations of EPD during

rebinding produce a larger shift in ultraviolet spectrum.

The effect of gold nanoparticle concentration in the PAA-AN-MMA-Aupmua polymers
on the UV-Vis absorbance of the resulting polymer films was also investigated. PAA-
AN-MMA-Aumua films were prepared with varying concentrations of gold
nanoparticles as described in Table 3.5 below.

Table 3.5 PAA-AN-MMA-Auwmua films prepared with varying gold nanoparticle concentrations

Mass of Mass of AuUnua
Polymer Code
PAA-AN-MM Aupua Wt.%
PAA-AN-MMA-AUpmuA 75 mg 36 mg 32.4
PAA-AN-MMA-0.5AUuuA 75 mg 18 mg 19.4
PAA-AN-MMA-2AUMuA 75 mg 72 mg 49.0
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The UV-Vis spectra of these films, shown in Figure 3.50, exhibit a clear difference in

the peak absorbance as a result of changes in the concentration of gold nanoparticles.

PAA-AN-MMA-0.5Aumua
= PAA-AN-MMA-Aumua
= PAA-AN-MMA-2 Aumia

r T T T T T T T T T 1

450 470 490 510 530 550 570 590 610 630 650
Wavelength (nm)

Figure 3.50 UV-Vis spectra of PAA-AN-MMA-Aupya, PAA-AN-MMA-2Aupuaand PAA-AN-MMA.-
0.5Aupya films.

Increasing the concentration of gold nanoparticles resulted in a bathochromic, or red,
shift in the wavelength of peak absorbance. The increase in concentration of the gold
nanoparticles results in a decrease in their interparticle distance resulting in the observed
shift in the surface plasmon resonance absorbance. The increase in concentration also
allows the peak caused by the absorbance of the gold nanoparticles to be more easily
distinguished from the absorbance of the polymer itself. Conversely a decrease in the
concentration of gold nanoparticles results in a hypsochromic shift in the wavelength of
peak absorption due to an increase in interparticle distance. Furthermore the decrease in
concentration significantly decreases the absorbance due to the gold nanoparticles and is

difficult to distinguish from the absorption due to the polymer itself.

The PAA-AN-MMA-2Aupmua films were rebound in 1mM EPD and the shift in the

wavelength of peak absorbance was observed over 24 hours. These results are
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compared to those for PAA-AN-MMA-Aupmua in Figure 3.51. Rebinding for PAA-AN-
MMA-0.5Aupmua Was also performed, however the wavelength of peak absorption was

unable to be reliably determined and so these results are not reported.
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Figure 3.51 Effect of gold nanoparticle concentration on peak shift of PAA-AN- MMA-Aupya in ImM
EPD. Peak shift was also measured after 24 hours with no significant additional peak shift observed.

A hypsochromic shift is still seen in the spectra of both the MIPgpp-2Aupmua and NIP-
2Aupmua following EPD rebinding. These shifts, with the peak in the NIPf-Aumua
shifting 2.5nm to 534.5nm and the MIPfgpp-Aumua shifting 5.5nm to 532nm, are
substantially lower than those observed for the for the original PAA-AN-MMA-Aumua
system. This suggests that the increase in nanoparticle concentration produces a smaller

relative change in interparticle distance as a result of template rebinding.

3.3.8 Cross Reactivity Studies

After demonstrating the successful rebinding of the EPD template using the PAA-AN-
MMA-Aupmua System, the analytes shown in Figure 3.31 were again used to investigate
the effect of various factors on the ability of the analyte to rebind to the EPD imprinted

polymers. A series of cross reactivity studies were undertaken by which the degree of
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binding by each analyte to the MIPgpp Was determined. Figure 3.52 shows the cross

reactive binding of result for these analytes.
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Figure 3.52 Cross reactive binding results showing the analyte binding to a PAA-AN-MMA-Aupmua
MIPgrp. Rebinding was also measured after 24 hours with no significant additional binding observed.

Figure 3.52 demonstrates that after 10 minutes the polymer shows a similar levels of
binding for EPD, (-)-PSEPD, and (+)-PSEPD of approximately 0.2umol/mg. After 30
minutes 0.2umol/mg of EPD is rebound however no additional (-)-PSEPD or (+)-
PSEPD is observed to rebind. The binding of EPD increases to a maximum of
0.34umol/mg after 24 hours whilst binding of (-)-PSEPD and (+)-PSEPD does not
significantly increase. These results demonstrate that while significant amounts of (-)-
PSEPD and (+)-PSEPD are shown to rebind to the polymer the polymer is capable of
differentiating stereocisomers. This suggests a more rigid binding cavity than that
observed with the PAA-IPA-MBA system, which was incapable of differentiating

between EPD stereoisomers.

EPDHCL was shown to have a significantly reduced binding compared with its EPD
enantiomer. This result is similar to that observed with the PAA-IPA-MBA system, and

again is likely due to the competitive binding of the chloride ion in the binding solution.
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ADR shows significantly reduced binding compared to EPD. The structures of the two
compounds are very similar with the significant difference being addition of two
phenolic groups in ADR. ADR is only slightly longer than that of EPD (9.8A compared
to 9.5A), so it is unlikely that a size exclusion mechanism is solely responsible for the
reduction in rebinding observed with ADR. The change in electronic character of the
ADR due to the presence of the phenol groups appears, in addition to the slight increase

in size, appears to make the ADR incompatible with the binding cavity.

The binding results of CAFF and THEO also show significant significantly reduced
binding compared to EPD. Large differences in size and shape of CAFF and THEO to
the EPD template as noted with the PAA-IPA-MBA system, suggest that a size
exclusion mechanism, in addition to differences in functionality, is likely responsible
for the reduced binding observed with these analytes.

The highest level of binding for a non-ephedrine analyte was recorded for ADR. This
analyte was therefore used to for cross reactive studies on the spectroscopic shift of the
embedded gold nanoparticles. Figure 3.53shows the shift in the UV spectrum associated

with the gold nanoparticles whilst rebinding in water, EPD and ADR.
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Figure 3.53 Peak shift of PAA-AN-MMA-Auyua MIPgpp in water, EPD and ADR. Peak shift was also
measured after 24 hours with no additional peak shift observed. Study was performed in triplicate.

The shift of up to 5nm in the spectrum of the embedded gold nanoparticles is observed
when rebinding with ADR. This is slightly higher than 3.25nm shift observed when
rebinding in water, which indicates some level of swelling associated with the presence
of ADR in the binding cavity. The 15nm shift observed when rebinding with EPD is
significantly larger than that achieved with both water and ADR indicating that
rebinding EPD into the binding cavity results in the largest degree of polymer swelling,
thereby producing the largest shift in the plasmon absorbance of the embedded gold

nanoparticles.

In summary, the cross reactivity studies have successfully shown that the EPD
imprinted PAA-IPA-MBA polymer is highly specific to EPD and for binding periods of
30 minutes or longer is capable of differentiating between its stereoisomers. In addition
the polymer is capable of differentiating between very similar analytes based on a
hypsochromic shift in the plasmon absorbance band of the embedded gold

nanoparticles.
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3.3.9 Surface Morphologies of Films

Previous work by our group investigated the surface morphology of PAA-AN-MMA
MIPfepp utilising scanning electron microscopy (SEM) to assess the effect of surface
porosity and roughness on the resulting polymer system. . The presence of macroscopic
pores (pores with a diameter >50nm) provide routes through which the template can
enter and exit the bulk of the film and gain access to internal binding cavities. These
pores are necessary for the formation of high performance MIPf by allowing trans-
membrane transport of solvent and template through the polymer structure.

SEM images of PAA-AN-MMA MIPfgpp and NIPT are shown in Figure 3.54 and
demonstrate clear indications of surface porosity. It should be noted that the MIPf
displays far greater porosity than the corresponding NIPf, highlighting the impact the

template has on the morphology of the resulting polymeric film.

Figure 3.54 SEM images at 5000x magnification (insets are at 12500x magnification) of PAA-AN-MMA
NIP films (a) and MIP films (b). Reproduced from Brisbane™®.

SEM images of PAA-AN-MMA MIPfgpp and NIPf with embedded Aupmua were taken
to investigate the effect of the embedded Aumua and are shown in Figure 3.55. It is
again observed that the MIPf displays greater porosity than the NIPf,
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Figure 3.55 SEM images (1000x magnification) of PAA-AN-MMA-Aupmya; NIP films (a) and MIP films
(b).

The presence of the embedded Aumua produces an obvious morphological change in the
appearance of spherical ‘beads’ on the films surface. It is believed that these ‘beads’ on
the films surface are caused by the precipitation of the polymer around a gold
nanoparticle core during phase inversion. While most of these nanoparticles become
incorporated into the bulk film structure, some subsequently adhere to the films surface

during film formation.

In addition to this ‘bead’ formation, the presence of the Aumua does appear to produce a
slight decrease in surface porosity of both the MIPf and NIPf. This reduction in porosity
may account for the reduction in template rebinding observed following incorporation

of the AUMUA.

3.3.10 Summary

Pre-synthetic interactions studies utilising molecular modelling and NMR titrations
were used to identify AA as a suitable functional monomer for use with the EPD
template. A 1:1 template-monomer ratio was determined to produce strong acid-base
interaction due to protonation of the EPD amine group. Additional, weaker interactions
were also identified at higher monomer template ratios up to 3:1 which are more likely
to produce interactions with multiple points of hydrogen bonding which have been
shown to enhance subsequent binding. These pre-synthetic studies also determined that
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EPD interaction with AN and MMA is minimal making them ideal for use as a matrix

monomers.

PAA-AN-MMA films were successfully using phase inversion with subsequent
rebinding studies showing that the PAA-AN-MMA system is selective for the EPD

template with an imprinting factor of 5.0 obtained after only 10 minutes.

Gold nanoparticles were prepared and incorporated into the polymeric films post-
polymerisation. A slight reduction in template binding was observed following the
incorporation of Aumua, however imprinting factors of 3.9 were still obtained after 10
minutes. Spectroscopic rebinding studies found peak shifts of the plasmon absorbance
of embedded gold nanoparticles of up to 15nm for the MIPf compared to 8nm for the
NIPf. The shift in plasmon absorbance of the gold nanoparticles was found to closely
correlate to amount of template rebound, as well as being proportional to the

concentration of the rebinding solution.

Cross-reactivity studies of the PAA-AN-MMA system demonstrated that the system is
highly selective for ephedrine-based analytes and is also capable of at least partially
differentiating EPD from its diastereomers. Spectroscopic rebinding studies also
showed that the shift in plasmon absorbance was significantly reduced for non-

ephedrine based templates.

These results show excellent promise for the use of PAA-AN-MMA polymers with
embedded Aupua as a forensic sensor for the detection of EPD. The system is both
selective and specific to the EPD template with detection being observed after as little
as 10 minutes. The use of Aumua also allows for spectroscopic detection based on a

hypsochromic shift in the UV-Vis spectrum.
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3.4 Effect of Gold Nanoparticle Stabilising Agent

3.4.1 Gold Nanopatrticle Preparation

The effect of the stabilising agent used in the formation of the gold nanoparticles on the
resulting MIP composite was investigated by synthesising gold nanoparticles using
stabilising agents other than the MUA used by Matsui et al.?® %%, Gold nanoparticles
were successfully prepared using three additional thiol based stabilising agents; n-
decanethiol (NDT), allyl mercaptan (AM) and 9-decene-1-thiol (9D1T), in addition to
the MUA used previously. The comparative structures of these stabilising agents can be

seen in Figure 3.56.

N P N S e N N

n-decanethiol 9-decene-1-thiol
(NDT) (9D1T)

|
Hs/v/ Hs/\/\/\/\/\/J\OH

allyl mercaptan 11-mercaptoundecaoic acid
(AM) (MUA)

Figure 3.56 Gold nanoparticle stabilising agents

N-decanethiol was used to investigate the effect of removing the carboxylic acid
functional group. Allyl mercaptan and 9-decene-1-thiol was used to determine the effect

of chain length and a double bond.

Particle sizing confirmed the formation of the gold nanoparticles with mean diameters
of 5.56nm (CV 11.2%), 5.50nm (CV 14.6%) and 5.88nm (CV 12.4%) for n-decanethiol,
allyl mercaptan and 9-decene-1-thiol respectively. Particle size distribution as shown in
Figure 5.57 indicates that the size of the gold nanoparticles were similar for all
stabilising agents used and are consistent with those previously produced by Matsui et

al %,
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Figure 3.57 Size distribution of gold nanoparticles stabilised with 11-mercaptundecanoic acid (Aupua),
n-decanethiol (Aunpt), allyl mercaptan (Auay), and 9-decene-1-thiol (Augpit)

Each of the gold nanoparticles synthesised was incorporated into a PAA-AN-MMA

matrix and MIPfgpp Were produced as seen in Figure 3.58. NIP films for each stabilising

agent were also produced.
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Figure 3.58 PAA-AN-MMA MIPfgpp with (a) no gold nanoparticles, (b) 11-mercaptoundecanoic acid
gold nanoparticles (Aupua), (€) n-decanethiol gold nanoparticles (Aunpr), (d) allyl mercaptan gold
nanoparticles (Auaw), and (e) 9-decene-1-thiol gold nanoparticles (AugpiT).
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3.4.2 Rebinding Studies

Following successful extraction quantitative rebinding results were produced using
HPLC for a range of rebinding times from 10 minutes to 24 hours. Figure 3.59 shows
rebinding with EPD of each of the gold nanoparticle MIPfs in comparison to their
NIPfs. Imprinting factors (1) (Equation 3) were calculated for each rebinding time and

shown in Table 3.6.
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Figure 3.59 HPLC rebinding results for PAA-AN-MMA films with Aupua, Aupt, Auaym, and Augpst in
1mM EPD. Rebinding was also measured after 24 hours with no significant additional binding observed.

Table 3.6 Imprinting Factors (1) for PAA-AN-MMA MIPfgpp With Aupua, AUnoT, AUaM, and AUgpiT-

Imprinting Factor

PAA-AN- PAA-AN- PAA-AN- PAA-ANM-
MMA-Aumua MMA-AUnDT MMA-AUam MA-Augp;t

120 4.8 4.9 4.7 6.2
1440 4.0 5.7 6.6 5.0
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Figure 3.59 demonstrates there is little effect of stabilising agent used in synthesis of the
embedded gold nanoparticle on the rebinding of EPD the resulting polymer films. The
rebinding of NIPs was almost identical for each of the stabilising agents, and whilst
there was a slight variation in the rebinding of some of the MIPs when errors are taken

into consideration these variations were insignificant.

3.4.3 UV-Vis Spectroscopic Rebinding Studies

Following evaluation of the rebinding of by HPLC, spectroscopic studies of the films
were carried out to determine the effect of the stabilising agent on the colourimetric
shift in the plasmon absorbance of the resulting gold nanoparticles during template
rebinding. Measurements were then taken of the MIPfegpp and NIPf with each of the
embedded gold nanoparticles in 1mM EPD. Figure 3.60 shows the shift in peak

wavelength of gold nanoparticles from 10 minutes to 24hours.
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Figure 3.60Peak shift of PAA-AN-MMA with Aupya, Aupt, AUaym, and Augpst in ImM EPD. Peak shifts
were also measured after 24 hours with no additional peak shifts observed.
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Similar hypsochromic shifts are seen in the spectra for each of the stabilising agents in
both the MIPgpp and NIP. Shifts of between 7-8.5nm were observed with the peak in the
NIP and 13-15nm peak shifts were observed in the MIPgpp. Differences in the peak shift
between stabilising agents falls within the associated error indicating that no significant
difference in peak shifting is observed as a resulting of different stabilising agents being
used in the synthesis of the gold nanoparticles.

3.4.4 Summary

Gold nanoparticles were prepared using a number of thiol based stabilising agents to
examine the effect of stabilising agent on the resulting MIP system. The results
demonstrate that changing the stabilising agent used in the synthesis of the gold
nanoparticles has a negligible result on the rebinding of the imprinted polymers into
which they are embedded. In addition the shift in the wavelength of peak absorbance,
caused by the SPR of the gold nanoparticles, during rebinding is similarly unaffected by

the stabilising agent used during synthesis.
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3.5 Conclusions and Future Work

3.5.1 Conclusions

Surface plasmon resonance of embedded gold nanoparticles was explored as a detection
mechanism for EPD sorption in various MIP systems. The response is dependent on the
swelling behaviour of the MIP during rebinding which increases the inter-particle

distance of the immobilised gold nanoparticles producing a detectable event.

PAA-IPA-MBA (18.8%AA, 76.4%IPA and 4.8%MBA), utilised by Matsui et al.®® *®
and phase inversed PAA-AN-MMA system (17%AA, 41%AN, and 42%MMA) MIP
systems were both tested. While the PAA-IPA-MBA MIP selective to ADR and EPD
showed high levels of template binding, imprinting factors 3.4 and 2.4, respectively,
after 24 hours, the plasmon absorbance band of thiol-stabilised gold nanoparticles could
not be detected in the UV-Vis spectrum once the nanoparticles were embedded in PAA-
IPA-MBA system.

The phase inversed PAA-AN-MMA MIP film proved to be very responsive to SPR
detection. This system is selective to EPD before and after the addition of gold
nanoparticles displaying imprinting efficiencies of 7.2 and 4.8, respectively after 2
hours of EPD incubation. Spectroscopic rebinding studies found that wavelength of
maximum plasmon absorbance of embedded gold nanoparticles shifted up to 15nm for
the MIPf compared to 8nm for the NIPf. The shift in plasmon absorbance of the gold
nanoparticles was found to closely correlate to amount of template rebound, as well as
being affected to the concentration of the rebinding solution. The type of thiol
stabilising agent used to prepare the gold nanoparticles has been shown not to affect
EPD sorption and the surface plasmon resonance response of the MIPf.

Cross-reactivity studies of the PAAANMMA system with embedded Aupua
demonstrated that the system is highly specific for ephedrine-based analytes and is also
capable of differentiating EPD from its stereoisomers. Spectroscopic rebinding studies
also showed that the shift in plasmon absorbance was significantly reduced for non-
ephedrine based analytes (ADR, CAFF and THEO).
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These results show excellent promise for the use of PAAANMMA polymers with
embedded AuNP as a forensic sensor for spectroscopic detection of EPD. The system is
both selective and specific to the EPD template with detection being observed after as

little as 10 minutes.

3.5.2 Future Work

Studies that could be conducted in order to further support this work would include
investigating the effect of gold nanoparticle concentration on the resulting surface
plasmon response, including transmission electron microscopy to investigate gold
nanoparticle sizing and distribution through the PAA-AN-MMA films. This will assist

in optimising signal transduction of the EPD rebinding event.

Furthermore, the results within this chapter warrant investigation into the scope of the
PAA-AN-MMA with embedded gold nanoparticles for the detection of other templates,

particularly amphetamine and methamphetamine.

Finally an examination of the lack of surface plasmon absorbance of the gold
nanoparticle in the PAA-IPA-MBA system will allow a greater understanding of the use
of surface plasmon resonance as a signal transduction mechanism for molecularly

imprinted polymers.

130



CHAPTER 4 - CONDUCTIVE POLYMER/MOLECULARLY IMPRINTED POLYMER COMPOSITES

CHAPTER 4 - CONDUCTIVE POLYMER/
MOLECULARLY IMPRINTED POLYMER
COMPOSITES

Molecularly imprinted and conductive polymers may be combined for sensing
applications in several ways. Firstly, previously synthesised particulate MIPs may be
incorporated into a conductive polymer matrix, which has been previously used
successfully for the detection of templates including morphine®*’, nicotine®® and (-)-

ephedrine®®

. Alternatively, the conductive polymer itself may imprinted with the
template, which has been used for the detection of templates including morphine*®,
dopamine®®, and caffeine™'®. In these cases, the imprinted component is used as the
recognition element while detection relies on an electrochemical response such as the

selective electrocatalytic reduction or oxidation of the template*®.

This chapter details a preliminary investigation into the incorporation of a conductive
polymer with a traditional MIP to form a combined or composite polymer (CP-MIP).
By utilising an imprinted polymer with an intrinsic conductive domain, it was hoped
that an improved electrochemical response could be obtained compared to traditional
MIP systems merely embedded into a conductive matrix. Similarly, by utilising a
conductive polymer with an intrinsic traditionally imprinted domain, it was hoped that
binding site kinetics and homogeneity could be improved, as well as providing a more

rational design approach to MIP synthesis™** %

131



CHAPTER 4 - CONDUCTIVE POLYMER/MOLECULARLY IMPRINTED POLYMER COMPOSITES

4.1 Molecularly Imprinted Polymeric Films Containing 3-
Methylthienyl Methacrylate

In order to prepare the MIP-conductive polymer composites, a previously reported
electroactive monomer, 3-methylthienyl methacrylate (MTMA, shown in Figure 4.1
below), with a vinylic functional group and a thiophene moiety was utilised**. This
dual functionality allows MTMA to link the conductive and imprinting domains of the
composite polymer; the vinylic functionality allows free radical addition polymerisation
to occur while the thiophene functionality allows the inclusion of thiophene-based

conductive polymers either by electro- or chemical polymerisation.

o =

/ )

s

3-Thiophenemethanol ~ Methylacryloyl chloride  3-Methylthienyl Methacrylate

Figure 4.1 Reaction scheme for synthesis of 3-methylthienyl methacrylate

To assess the function of MTMA in an imprinting capacity for EPD, MTMA was
incorporated into the PAA-AN-MMA system discussed in Chapter 3.4. This polymer
showed excellent specificity and selectivity for the EPD template and so was ideal for

use in assessing the effect of MTMA on a MIP system.

4.1.1 Molecular Modelling of MTMA with (-)-Ephedrine

To assess the interaction of MTMA with the EPD template, molecular modelling and
NMR studies were performed. The molecular modelling results for EPD with MTMA
are compared with those for AA and MMA in Figure 4.2.
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Figure 4.2 AEineraction OFf EPD with AA, MMA and MTMA across a range of M-T ratios.

From Figure 4.2 it can be seen that the AEnteraction for MTMA with EPD are negative for
all ratios signifying a favourable interaction. These energies are less negative than those
produced by AA indicating a less favourable interaction compared to the AA functional

monomer.

Molecular modelling indicates hydrogen bonding between the secondary amine and
hydroxyl group of the EPD and the carbonyl group of the MTMA. The 2:1 MTMA to
EPD ratio, which produced the highest AEnteraciion Without evidence of monomer self-
association, is shown in Figure 4.3. At MTMA to EPD ratios > 4:1, modelling indicates

that the additional monomer units do not interact with the template.
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Figure 4.3 Molecular image EPD with 2 MTMA showing two points of interaction. Template is shaded
green and hydrogen bond distances are indicated in red.

Hydrogen bond distances for MTMA with EPD are relatively long (>1.81A) suggesting

relatively weak interactions compared to AA.

The functionality of MTMA makes it capable of acting only as a hydrogen bond donor,
whereas AA possesses both donor and acceptor functional groups. As a result, MTMA
forms only single point interactions with the amino and hydroxyl protons of EPD,
whereas AA is observed to form additional hydrogen bonds with the nitrogen and
oxygen atoms themselves. These modelling results are similar to those seen for MMA,
which is unsurprising given the common methacrylate functionality. Since no
interaction is observed between the thiophene moity of the MTMA and the EPD
template, differences in AEneraction between MTMA and MMA are presumably caused
by steric factors.
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4.1.2 NMR Studies

'H-NMR titration of MTMA was also performed to assess its interaction with EPD and
validate the findings of the molecular modelling reported above. Figure 4.4 shows the

extent of the downfield shifts as a function of the template-monomer ratio.
OH
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Figure 4.4 Change in chemical shift (Ad) of different EPD protons upon titration with increasing molar
equivalents of MTMA in CDCl3. EPD structure is included above to show labelling of protons.

These results demonstrate comparatively small (<0.05ppm) changes in chemical shift of
the EPD protons during the titration with MTMA. This is again comparable to the
changes in chemical shift observed for MMA (<0.03ppm) as seen in Figure 3.37. This
suggests that MTMA will have little interaction with the EPD template compared to the

AA functional monomer.

The combination of results obtained from molecular modelling and NMR titrations

indicate that MTMA will not significantly interact with the EPD template when
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compared to AA functional monomer. The results also demonstrate similar levels of
interaction between MTMA and MMA suggesting that MTMA will fulfil a similar

matrix monomer function.

4.1.3 Preparation of P(AA-AN-MMA-MTMA) MIPf

Following successful synthesis, MTMA was incorporated into the PAA-AN-MMA
system discussed in Chapter 3.4. The same relative ratio of AA to AN to MMA was
used with increasing proportions of MTMA added. Inverse gated **CNMR spectroscopy
was used for calculating the final polymer composition and results are shown in Table
4.1.

Table 4.1 Reaction ratios for synthesis of MTMA-AA-AN-MMA copolymers
% MTMA % AA % AN % MMA

Feed Actual Feed Actual Feed Actual Feed Actual

PAA-AN-MMA 0 15 17 42.5 41 42.5 42

PAAMMS 5.0 7.1 14.3 15.1 40.4 38.6 40.4 39.1

PAAMM15 15.0 18.6 12.8 13.7 36.1 34.9 36.1 32.8

PAAMM25 25.0 29.4 11.3 13.1 31.9 28.7 31.9 28.8

PAAMMS0 50.0 56.0 7.5 8.7 21.3 18.1 21.3 17.3

The final composition of all polymers differed only slightly from their respective feed
ratios, with MTMA and AA both increasing and AN and MMA concomitantly
decreasing in relative composition. Measurement of the reactivity ratios was not

attempted for this polymer system.

Polymer solutions were prepared and post-polymerisation imprinting of EPD, ina 3:1
AA:EPD ratio, was performed. Polymeric films were prepared through spin-casting and

phase inversion methods and are shown in Figure 4.5.
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Figure 4.5 PAA-AN-MMA-MTMA films; P-AA-AN-MMA; MIPfesp () and NIPF (b); PAAMMS;
MIPfepp (C) and NIPF (d); PAAMM15; MIPfesp (€) and NIPF (f) and PAAMM25 - NIPf (g)
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Good quality, reproducible MIP and NIP films were formed when the proportion of
MTMA was 19% or less - Figure 4.5 (c-f). Poor quality NIP films were produced with
the 29% MTMA - Figure 4.5(g), however MIP films were unable to be made. No films
were produced for polymers with greater than 29% MTMA. As the proportion of
MTMA increased in the polymer composition films, thicker and more brittle films were
produced. This indicates that MTMA is not an ideal monomer for use in the preparation
of MIPs in a thin film format, however in low proportions may be included in the PAA-
AN-MMA system.

Figure 4.6 shows the FTIR spectrum of EPD, a virgin non-imprinted polymer film (V-
NIPf), a virgin EPD imprinted polymer film (V-MIPfgpp) and an extracted EPD
imprinted polymer (Ex-MIPfgpp). These spectra are for the polymer PAAMML15, similar
spectra for PAAMMDS were also produced.

Incorporation of the EPD template and subsequent extraction was confirmed using
FTIR analysis, with the prominent peak, at approximately 708cm™ (Peak A),
corresponding to the out of plane bending of the aromatic hydrogens, again used as the
diagnostic peak. For these polymers, the presence of MTMA also results in an
overlapping peaks at 708cm™(Peak A) and an adjacent peak at 697cm™ (Peak B), which
also correspond to out of plane bending of aromatic hydrogens. As a result, the presence
of Peak A alone cannot be used to demonstrate the presence of EPD, instead the ratio of
the Peak A compared to the adjacent Peak B is used, with an increase in Peak A relative

to Peak B used the confirm the presence of EPD.
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——(-)-Ephedrine —— NIPf Virgin
—— MIPf EPD Virgin ——— MIPf EPD Extracted
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Figure 4.6 FTIR spectra of PAAMM15 films; Non-imprinted polymer (NIPf) (b), Virgin EPD imprinted
polymer (V-MIPfgpp) (), and an extracted EPD imprinted polymer (Ex-MIPgpp) (d). The spectrum of
EPD is also included (a). Peak A (shaded green) and Peak B (shaded red) were used as the diagnostic

peaks used to determine the presence of EPD.

The presence of the larger Peak A compared to Peak B in the V-MIPfgpp demonstrates
that EPD has been successfully incorporated into the imprinted polymer. Peak A is
comparable to Peak B in the NIP and Ex-MIPgpp indicating that the EPD is not present
in the NIP and can be successfully removed from the MIP through the extraction
process. Extraction of the EPD template was also confirmed through HPLC analysis of

the extraction solution.

4.1.4 Rebinding Studies

The success of the rebinding following template extraction was again assessed
qualitatively using FTIR according to the relative size of the diagnostic EPD peaks as
seen in Figure 4.7. An increase in the relative size of the diagnostic EPD peak is

observed in the rebound EPD imprinted films (Rb-MIPfgpp) indicating successful
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rebinding of the EPD into the polymer. A corresponding increase in size of the
diagnostic peak is not observed for the non-imprinted polymer following rebinding (Rb-
NIPf), indicating that the EPD template does not bind to the NIP.

—— MIPf EPD Virgin ——— MIPf EPD Extracted MIPf EPD rebound
—— NIPf Virgin ——— NIPf Rebound

1000 900 800 700 600 500 400
Wavenumber (cm-1)

Figure 4.7 FTIR spectra PAAMML15; Virgin EPD imprinted polymer (V-MIPfgpp) (2), EPD imprinted
polymer (Ex-MIPfgpp) (b), Rebound EPD imprinted polymer (Rb-MIPfzpp) (€), Virgin non-imprinted
polymer (V-NIP) (d) and Rebound non-imprinted polymer (Rb-NIP) (e). Peak A (shaded green) and Peak
B (shaded red) were used as the diagnostic peaks used to determine the presence of EPD.

Quantitative rebinding results were produced using HPLC for a number of rebinding
times ranging from 10 minutes to 24 hours. Figure 4.8 show rebinding of the imprinted
polymers with EPD in comparison to the binding of EPD to the NIP.
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Figure 4.8 HPLC rebinding results for PAA-AN-MMA with increasing proportions of MTMA in 1mM
EPD. Rebinding was also measured after 24 hours with no significant additional binding observed.

The inclusion of 7.1% MTMA into the PAA-AN-MMA polymer system does not
produce a significant decrease in MIPf binding, however a significant increase in the
levels of non-specific binding is observed in the NIPf. Given that interaction studies
suggested a similar level of interaction between MTMA and EPD as that observed for
MMA, the observed increase in NIPf binding is likely a result of changes in the
chemical and physical properties of the films as a result of MTMA inclusion. Previous
work suggests that small changes in the chemical composition of the polymer may
result in large changes in the rebinding profiles of the resulting imprinted polymer*313.
This was found to be due primarily to changes in the physical properties of the films

that result from changes in the composition.
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Additional MTMA in the polymer system results in a marked decrease in binding to
both MIPf and NIPf as seen in Figure 4.8 for the PAAMMA15 system. If the increase in
non-specific biding observed for PAAMMS5 system was a result of EPD interaction with
the MTMA, we would expect to see an even greater degree of non-specific binding for
the PAAMM15 system. The lack of binding therefore further supports the notion that
the observed deleterious effects of MTMA inclusion on EPD binding is due to changes

to the physical and chemical properties of the polymer films.

4.1.5 Summary

MTMA, due to its dual vinylic and thiophene moieties, was identified for use as a
bridge between conductive and molecularly imprinted polymers. Its efficacy in a

molecularly imprinted capacity was assessed.

Pre-synthetic in silico interaction studies utilising molecular modelling as well as NMR
titrations experiments were utilised to identify MTMA as having minimal interaction

with the EPD template making it applicable for use as a matrix monomer.

PAA-AN-MMA was used as the model for investigating the effect of MTMA on a MIP
system. Polymers containing up to 56% MTMA were synthesised. The formation of
MIPT was possible for MTMA proportions up to 18.6%. The inclusion of MTMA
resulted in a reduction to EPD binding, however the polymers remained selective for the
EPD template. Furthermore the copolymerisation compatibility of MTMA for use with

an AA functional monomer for the production of a MIP was also confirmed.

These results demonstrate that MTMA can be incorporated into a MIP system, which
has demonstrated previous success, and remain selective for the EPD template. This
suggests its proposed function as a bridge between the imprinted and conductive
domains of the composite may be achieved while maintaining the functionality of the
imprinting domain. These results indicate however that the composition of the resulting

polymer will be vital to its effectiveness in rebinding the desired template. This is due in
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particular to changes to the physical properties of the polymer arising from changes in

chemical composition. Its utility in relation to the conductive domain will be discussed

below.
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4.2 Conductive Polymers Containing 3-Methylthienyl Methacrylate

The utility of MTMA in a conductive polymer capacity was then investigated. Poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) or PEDOT:PSS was used as the model
for this conductive polymer investigation, due to its commercial availability and well
understood chemical and physical properties. PEDOT:PSS is also easily dispersed in
water making it easy to process into durable films and more versatile than other
available conductive polymer systems. In this conductive polymer system, the PEDOT
and PSS act as co-ionomers, with the PSS carrying the negative charge and the PEDOT

carrying the positive charge, resulting in a neutral macromolecular salt'**.

Figure 4.9 Structure of PEDOT:PSS; Segments of PEDOT adhered to part of a longer chain of PSS™.

The mechanism of synthesis for PEDOT:PSS uses PSS as a host polyelectrolyte which
is used in excess. EDOT can then be added and polymerised via oxidation which results
in the removal of two electrons from the thiophene ring of the EDOT. Further oxidation
results in the formation of a polycation, with the resulting PEDOT segments adhering to
the longer PSS via ionic interaction, as seen in Figure 4.9'*. These interactions also
result in PEDOT chains becoming doped, increasing their conductivity. Along the
whole chain the ratio of PEDOT to PSS is approximately 1:1.9.

The oxidative polymerisation of the PEDOT occurs through the thiophene moiety of the
EDOT monomer. MTMA, which contains the same thiophene moiety, may therefore be

similarly polymerised though oxidation into this EDOT chain. Cirpan, A. et al showed
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that MTMA may be successfully incorporated into a conductive polymer chain using an

oxidative process®.

4.2.1 Preparation of Conductive Polymer Solutions

Poly(3,4-ethylenedioxthiophene):poly(styrenesulfonic acid) (PEDOT:PSS), the
conductive polymer system utilised for this study, was prepared using a previously
reported method*™. Additional conductive polymers were produced as above by
substituting some or all of the EDOT with MTMA and are listed in Table 4.2. The
proposed chemical structure for P(EDOT-MTMA):PSS is shown in Figure 4.10.

Table 4.2 Reaction feed ratios for synthesis of conductive polymers

Polymer EDOT Polymer_
Mass Concentration

Code % © (in Water)
I S (g/L)
PEDOT:PSS 100 10.65 0 - 26.30 14.9
PEMS25 75 7.99 25 3.42 26.30 15.2
PEMS50 50 5.33 50 6.83 26.30 155
PMTMA:PSS 0 - 0 13.67 26.30 16.2

Figure 4.10 Structure of P(EDOT-MTMA):PSS™2,
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The pHs of the resulting conductive polymer solution were measured and are shown in
Table 4.3 below, with all polymer blends remaining acidic. This is to be expected given
the use of the strongly acidic PSS (pKj 2.1) as the co-ionomer and dopant for these
conductive polymer systems. This charge is necessary for the doping process of the
PEDOT chain, with one charge every 3 to 4 thiophene rings on the PEDOT chain. The
acidic nature of the PSS also catalyses the reaction and reduces the formation of keto-

functionalised side products on the PEDOT chain®*°.

Table 4.3 pH of conductive polymer solutions.

Polymer

Code PH
PEDOT:PSS 3.2
PEMS25 33
PEMS50 3.2
PMTMA:PSS 3.3

The synthesis of conductive polymers was assessed using FTIR spectroscopy. Figure
4.11 shows the spectra for PEDOT:PSS, PMTMA:PSS and PEMS50.
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Figure 4.11 FTIR spectra of PMTMA:PSS, PEMS50 and PEDOT:PSS

The spectra of the PEMS50 shares twin peaks at 1000cm™ and 1035cm™ with
PEDOT:PSS corresponding to the C-O stretches of an unsymmetric ether. It also shares
two peaks at 975cm™ and 1090cm™ with PMTMA:PSS corresponding to a =C-H bend
of an alkene and C-O stretch of an ester, respectively. These spectra confirm the
presence of both MTMA and EDOT in the relevant polymers. Additionally the presence
of the peak at 975cm™ corresponding to a =C-H bend of an alkene, demonstrates that

the vinylic functionality of the MTMA has been retained.

4.2.2 Conductivity Measurements

Following successful synthesis of the conductive polymer solutions, films were
produced through spin-coating (1500rpm) and annealed at 110°C to assess the

conductivity of the polymers. Additional films were prepared through spin-coating and
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vacuum drying to remove the solvent, so as to preserve the vinylic functionality in the
MTMA. Conductivity measurements using the four-point probe method were performed

with results shown in Figure 4.12. A commercial PEDOT:PSS was also measured for

comparison.
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Commercial PEDOT:PSS PEMS25 PEMS50 PMTMA:PSS
PEDOT:PSS

Figure 4.12 Bulk conductivity of conductive polymer films prepared via spin-coating (1500rpm) and
subsequent annealing or vacuum drying. Film thicknesses were measured at 2.3+0.3mm.

These results demonstrate the inclusion of MTMA into PEDOT:PSS will result in a
polymer which is still conductive however a significant decrease to the conductivity is
observed. This is likely due MTMA to disrupting the stereoregularity, and therefore
planarity, of the thiophene backbone. This disturbance in the chain is known to interfere
with electron transport along and between the polymer chains, reducing conductivity***
131 The synthesised PEDOT:PSS was five times as conductive the commercially
bought PEDOT:PSS, however it should be noted that the commercial PEDOT:PSS used
was a pH neutral product which has a reduced conductivity due to decreased doping in
PEDOT chain.
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The annealing process produced higher conductive films than vacuum drying for
PEDOT:PSS due to the more uniform nature of the resulting conductive film which can
be obtained using this process. Of the conductive polymers containing MTMA the
PEMS50 produced the highest conductivity (5.5 S/m compared to 4.8 and 3.5 m/S for
PMTMA:PSS and PEMS25, respectively.

4.2.3 Surface Morphology

Scanning electron microscopy (SEM) was used to assess the effect of inclusion of
MTMA on the surface morphology of resulting conductive films. SEM images of
PEDOT:PSS, PMTMA:PSS and PEMS50 are shown in Figure 4.13.

Figure 4.13 SEM images (magnification 10000x) of conductive polymer films; PEDOT:PSS (a),
PEMS50 (b), and PMTMA:PSS (c).
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The SEM images show relatively smooth surfaces for all conductive films; however
some discrete particles appear on the surface of polymers containing MTMA. This is
due to precipitation of residual salt and unreacted PSS which become embedded in the
polymer surface. This reduces the homogeneity of the surface of the conductive

polymer which has been shown to reduce charge flow and therefore conductivity™=.

4.2.4 Summary

MTMA, due to its dual vinylic and thiophene moieties, was identified for use as a
bridge between conductive and molecularly imprinted polymers. Its efficacy in a

conductive polymer capacity was assessed.

PEDOT:PSS based polymers were produced via oxidative polymerisation with
increasing amounts of MTMA substituted into the polymer in place of EDOT.
Characterisation of these polymers was then performed, including spectroscopic
analysis, conductivity measurements and surface morphology studies. A decrease in
conductivity was noted following inclusion of MTMA, likely due to a combination of
steric effects and associated impact on and electron mobility. Although there is a
decrease in conductivity compared to polymers prepared without MTMA, the resulting
polymers still remains conductive, with conductivities of up to 5.5 S/m recorded for

those polymers containing MTMA.
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4.3 Molecularly Imprinted/Conductive Polymer Composite Particles

As discussed above and shown in Figure 1.12, K.C Ho et al. successfully embedded
traditional MIP particles into a conductive matrix for the sensing of morphine'?. This
relied on separate binding of the morphine template by the MIP and sensing as a result
of changes in measured current density due to oxidation of the morphine. Since the MIP
particles themselves are not conductive, amperometric detection of morphine is limited
to the surface of the particles which are in close contact to the conductive polymer.
Similar methodologies have also used for both nicotine®® and (-)-ephedrine™* systems.

By utilising MTMA as a direct chemical bridge between the imprinted and conductive
polymers it is proposed that a conductive/imprinted composite particle (CP-MIP) be
produced which allows electroactive detection of the template throughout the imprinted
particle. It is hoped that the creation of a polymer containing both imprinting and
conductive domains, as shown in Figure 4.14, will increase the observed electroactive

response. The proposed structure of this composite particle is shown in Figure 4.15.

Polymer

Molecularly
Imprinted

Figure 4.14 Composite polymer containing molecularly imprinted and conductive polymer domains.

Conductive
Polymer
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Figure 4.15 Proposed structure of molecularly imprinted polymer - conductive polymer composite™™.
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4.3.1 Preparation of Molecularly Imprinted Polymer-Conductive Polymer Composite
Particles

Non-imprinted composite particles (CP-NIPp) were prepared by adding Immol of AA
to 6mL of previously synthesised aqueous solution of conductive polymer along with an
initiator. For the imprinted particles (CP-MIPpgpp) EPD was also added in a 3:1 M-T
ratio to the AA. These polymers are listed in Table 4.4 below.

Table 4.4 Reaction ratios for synthesis of composite particles using an acrylic acid functional monomer

Polymer Code Conductive Polymer AA EPD

(mmol) (mmol)

PMTMA:PSS-AAL  PMTMA (97.2mg in 6mL H,0) 1 0.33
PEMS50-AAL PEMS50 (93mg in 6mL H;0) 1 0.33
PEMS25-AAL PEMS25 (91.2mg in 6mL H,0) 1 0.33

Following polymerisation, composite particles were isolated through filtration to
remove any unreacted starting material. Since the conductive polymer solutions and AA
are soluble in water, and polymerisation of the AA alone would result in water soluble
polyacrylic acid, any precipitated material must therefore be a composite of the
conductive polymer with AA. The insolubility of the composite is caused by the
crosslinking of conductive polymer chains by the AA as shown in Figure 4.15.
Subsequent template extraction from the composite particles was assessed by HPLC

analysis of the extraction solution.

4.3.2 Rebinding Studies

Quantitative rebinding results were produced using HPLC following 1 hour of template
rebinding, and are shown in Figure 4.16. These results show rebinding of the EPD
imprinted composite polymeric particles (CP-MIPpgpp) in comparison to the binding of
that template to the CP-NIPp. Imprinting factors (1) (Equation 3) were calculated for

each polymer system.
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Figure 4.16 HPLC rebinding results for AA-conductive polymer composite particles (LmmolAA/6mL
conductive polymer solution) with 1mM EPD after 1 hour. Imprinting factors are shown above.

These results demonstrate the successful formation of an imprinting domain in the
composite particle. Additionally it can be seen that decreasing the proportion of MTMA
used in the conductive polymer results in higher levels of binding in the resulting CP-
MIPpepp. By decreasing the proportion of MTMA, the number of sites for free-radical
polymerisation on the conductive polymer decreases. It is suggested that this would
result in longer average chain lengths between MTMA units, allowing greater polymer
chain flexibility, and a less densely cross-linked macrostructure in the composite,

resulting in improved binding®®.

Despite the increase in CP-MIPp binding there is a decrease in imprinting factor due to
a corresponding increase in non-specific binding observed in the CP-NIPp. This
suggests that decreasing the proportion of MTMA also increases non-specific binding.
This is also likely due to reduction in cross-linking in the macrostructure of the

composite, resulting in greater template access to the internal structure of the composite.

Given that rebinding is dominated by the formation of an acid-base interaction with the
protonated secondary amine of the EPD template, some binding both specific and non-

specific, may also be attributable to a similar interaction with the PSS component of the
conductive polymer. The relative proportion of AA in these composite particles relative

to the PSS in the conductive domain was calculated as approximately 2.9:1, and
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suggests that the acid-base interactions of the composite polymer with the template
would be dominated by those with AA. Further the suggested structure of the composite
particles, with chains of AA forming between and around the already formed PEDOT-
MTMA:PSS chains, would make the interaction with AA more accessible than with the

more centralised PSS.

The results for PEMS50 show a good compromise between conductivity and the
amount of template binding and template selectivity in the resulting composite. This
conductive polymer was therefore used for all subsequent investigations.

4.3.3 Effect of Functional Monomer Concentration

The ratio of AA to conductive polymer in composite particle synthesis was investigated
to determine the optimum polymer composition. CP-NIPp were prepared by separate
addition of 0.5mmol, Immol, 2.5mmol 10mmol of AA to 93mg of PEMS50 in 6mL of
water, along with an initiator. CP-MIPpgpp Were also produced with EPD imprinted at a
constant 3:1 M-T ratio to the added AA. These polymers are listed in Table 4.5 below.
The resulting composite particles were again isolated through filtration to remove any

unreacted starting material or any non-composite products.

Table 4.5 Reaction ratios for synthesis of composite particles with varying amounts of the acrylic acid
functional monomer

(mmol)  (mmol)
PEMS50-AA0.5 PEMS50 (93mg in 6mL H,0) 05  0.17
PEMS50-AAL PEMS50 (93mg in 6mL H,0) 1 0.33
PEMS50-AA2.5 PEMS50 (93mg in 6mL H,0) 25 083
PEMS50-AAL0 PEMS50 (93mg in 6mL H,0) 10  3.33

Quantitative rebinding results for each composite formulation were produced using

HPLC over 1 hour. Figure 4.17 shows rebinding of the composite particles with EPD.
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Figure 4.17 Effect of functional monomer concentration on rebinding for PEMS50-AA composite
particles with 1mM EPD over 1 hour. Imprinting factors are shown above.

The PEMS50-AAL showed the highest binding for both the CP-MIPp and CP-NIPp.
Reducing the relative proportion of AA as seen in PEMS50-AAQ.5 results in a decrease
in binding observed in the CP-MIPp, however a significant drop in CP-NIPp binding
results in a significant improvement to selectivity with an imprinting factor of 25.8
being obtained. This reduction in binding is to be expected as a reduction in AA would
result in a corresponding decrease in the amount of EPD imprinted, since the 3:1 M-T
ratio was kept constant, and therefore fewer binding sites will be present in the CP-
MIPp.

A similar decrease in CP-MIPp binding was also observed when the relative ratio of AA
in the composite particle was increased as seen in PEMS50-AA2.5 and PEMS50-AAL0.
Again corresponding drops in CP-NIPp binding for these composites resulted in an
improvement to selectivity with imprinting factors of 19.3 and 7.7 being obtained. The
reduction in binding with these composites was unexpected, as an increase to the
relative amount of AA in the composite was expected to result in an increase to the
number of binding cavities produced in the CP-MIPp. It is speculated the significant

increases to the amount of AA in these composites results in dimerization of AA
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between the polymer chains of the composite, resulting in a more densely packed
internal structure to the composite, preventing access to all binding cavities.

SEM studies were also undertaken to investigate the particle size and surface
morphology of these composite particles. Figure 4.18 shows SEM images of both the
CP-MIPpgpp and CP-NIPp for the most selective composite — PESM50-AAO0.5.
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Figure 4.18 SEM images for PEMS50-AA0.5 composite particles; Magnification x2000: CP-MIPpgpp (3)
and CP-NIPp (b), and magnification x20000: CP-MIPpgpp () and CP-NIPp (d) .

These images demonstrate that the CP-MIPpgpp and CP-NIPp are of comparable sizes,
although both are polydisperse in particles sizing. It can also be seen from these images
that the MIP particles, Figure 4.18 (c), display a more irregular macroporous structure
compared to the corresponding CP-NIPp, Figure 4.18 (d). Porosity within the CP-
MIPpepp Structure is an important aspect of the imprinting process as it is essential for

template transport and access to the binding cavities™.
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4.3.4 Effect of Cross-Linker

An MBA cross-linker was included along with for AA to assess the effect of the
inclusion of a cross-linker on the resulting composite particles. A total of 1mmol of
MBA and AA were separately added to 6mL of PEMS50 solutions, along with an
initiator, to produce CP-NIPp. CP-MIPpepp Were also prepared by included EPD in the
above mixtures using a 3:1 M-T ratio with AA. These polymers are listed in Table 4.6.
The resulting composite particles were again isolated through filtration to remove any
unreacted starting material or any non-composite products. Subsequent template
extraction from the composite particles was assessed by HPLC analysis of the

extraction solution.

Table 4.6 Reaction ratios for synthesis of composite particles using an acrylic acid functional monomer
and a N,N’-methylenebisacrylamide crosslinker

Polymer Code Conductive Polymer (Volume) AA MBA EPD

(mmol) (mmol) (mmol)

PEMS50-MBAO.2 PEMS50 (93mg in 6mL H,0) 0.8 02 027
PEMS50- MBA0.35  PEMS50 (93mg in 6mL H,0)  0.65  0.35  0.22
PEMS50-MBAO.5 PEMS50 (93mg in 6mL H,0) 05 05 017
PEMS50- MBA0.65  PEMSS0 (93mg in 6mL H,0)  0.35  0.65  0.12
PEMS50- MBAO.8 PEMS50 (93mg in 6mL H,0) 0.2 08 007

Quantitative rebinding results were produced using HPLC across a number of rebinding
times ranging from 10 minutes to 4 hours. Figure 4.19 shows EPD rebinding of the
composite particles with as a function of the proportion of AA to MBA.
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Figure 4.19 Effect of cross-linker concentration in composite particles on EPD (1mM) rebinding.
PEMS50-MBAO.2 (a), PEMS50-MBAO.35 (b), PEMS50-MBAO.5 (c), PEMS50-MBAO0.65 (e), and
PEMS50-MBAO.8 (f). Rebinding was also measured after 24 hours with no significant additional binding
observed.
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An imprinting factor of 27.0 is obtained for the PEMS50-MBAO0.2 composite system
after 10 minutes of binding indicating it is highly selective for the EPD template. This
imprinting factor reduces slightly over time due to a slight increase in CP-NIPp binding,
however is greater than 11.3 for all rebinding times. The PEMS50-MBAO0.2 was the
most successful composite system produced, and so was used for all subsequent studies.

For compositions containing more than 20% MBA, EPD rebinding falls significantly
and approximates that observed in the CP-NIPp. It is likely that significant amounts of
crosslinker cause the internal structure of the composite to become densely packed,
preventing access by EPD to the majority of binding cavities. The binding observed in
the CP-NIPp did not change significantly as a function of both time and proportion of
cross-linker indicating that the amount of cross-linker does not have a significant impact

on the levels of non-specific binding.

SEM studies were also undertaken to investigate the effect of the cross-linker on the
surface morphology of the resulting composite particles. Figure 4.20 shows SEM
images for CP-MIPpgpp particles with increasing concentrations of cross-linker.
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Figure 4.20 SEM images of CP-MIPpgpp composite particles of PEMS50-MBAO.2 (a), PEMS50-
MBAO0.35 and PEMS50-MBAO.8 (c). Magnification is x2000.

It can be seen from these images that increasing proportions of cross-linker resulted in
significant decreases in porosity in the resulting particles. The observed decrease in
template binding is likely a direct result of the lack of porosity in these more highly
cross-linked particles as the template has lower mobility though the polymer and
reduced access to the binding cavities™. Interestingly the inclusion of a small amount
of cross-linker produced a more porous surface morphology as seen in Figure 4.20 (a),
compared to polymers with no included cross-linker as seen in Figure 4.18 (c). This
may similarly explain the improved binding performance of the PEMS50-0.2MBA

composite system.
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4.3.6 Cross-Reactivity Studies

After demonstrating the successful rebinding of the EPD template with the PEMS50-
0.2MBA composite, a cross reactivity study was undertaken by which the degree of
binding by ADR to the CP-MIPpgpp Was determined as shown in Figure 4.21. ADR was
used for this study as it has previously shown the highest affinity for EPD imprinted

MIPs versus other non-ephedrine based analytes.
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Figure 4.21 Cross reactive binding results showing PEMS50-MBAO0.2 with 1mM EPD and ADR
solution. Rebinding was also measured after 24 hours with no significant additional binding observed.

ADR shows significantly reduced binding in the PEMS50-MBAO.2 composite
compared to EPD demonstrating that the system is specific for EPD template. Since the
size of ADR is only slightly longer than that of EPD (9.8A compared to 9.5A) it is
unlikely that a size exclusion mechanism is solely responsible for the reduction in
rebinding observed with ADR. The presence of the two phenol units appear to
sufficiently alter the electronic character of ADR so as to make it incompatible with the

binding cavity.
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4.3.7 Effect of Rebinding Solvent

Rebinding studies for the PEMS50-MBAO0.2 composite particles repeated in methanol
to assess the effect of the change in solvent. The effect of rebinding solvent was
assessed for future studies of composite particles embedded into conductive matrices.
Since matrices such as PEDOT:PSS are water soluble the ability of the composite
particles to rebind in non-aqueous solvents is desirable. Quantitative rebinding results
were produced using HPLC across a number of rebinding times ranging from 10
minutes to 24 hours. Figure 4.22 shows EPD rebinding of the composite particles in
both water and methanol.
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Figure 4.22 Effect of rebinding solvent on EPD (1mM) rebinding for PEMS50-MBAO.2. Rebinding was
undertaken in both methanol (MeOH) and Water (H20). Rebinding was also measured after 24 hours
with no significant additional binding observed.

The rebinding for both the CP-MIPpgpp and CP-NIPp in methanol is comparable to that
in water for all rebinding times. This demonstrates that the PEMS50-MBAO0.2
composite particles are capable of rebinding the EPD template in non-aqueous solvents.
This property is an important consideration for future work embedding these particles

into a conductive matrix for detection purposes.
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4.3.8 Summary

Composites of a molecularly imprinted polymer and a conductive polymer were
successfully prepared, demonstrating that a composite of a molecularly imprinted and
conductive polymer may be created by utilising the dual functionality of MTMA.
Optimisation of composite particles was achieved by investigation into the effects of
MTMA proportion, the use of an AA functional monomer, and the inclusion of a MBA

cross-linker.

Composites of AA and conductive polymers demonstrated that the proportion of
MTMA used in the conductive polymer has a significant effect of the EPD rebinding.
Decreasing the proportion of MTMA used in the conductive polymer was found to
increase EPD binding, in the CP-MIPpgpp, but decrease selectivity due to a

corresponding binding increase in binding in the CP-NIPp.

The effect of functional monomer concentration was also investigated. A Immol of AA
in 93mg of conductive polymer was found to produce the highest EPD binding in the
resulting CP-MIPpgpp. Increasing or decreasing the ratio of AA used results in a
decrease in CP-MIPpgpp binding, however an increase to the imprinting factor is also
observed to do decreased non-specific binding in the CP-NIPp.

Composites polymers were also produced which included a MBA crosslinker in
addition to the AA functional monomer. Inclusion of 0.2 mmol of MBA at results in the
most successful polymer formulation (PEMS50-MBAO.2), achieving an imprinting
factor of 27 after just 10 minutes of rebinding. Amounts of MBA greater than 0.2mmol

resulted in a significant decrease in rebinding and a loss of selectivity.

Cross-reactivity studies using PEMS50-MBAO.2 demonstrated specificity for the EPD
template versus the structurally similar ADR analyte. This polymer system was also

shown to successfully rebind the EPD template in a non-aqueous solvent.
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4.4 Conclusions and Future Work

4.4.1 Conclusions

A number of composite polymers containing both electroactive (PEDOT:PSS) and
molecularly imprinted domains have been developed for the detection of EPD
(Appendix A). The preparation of these conductive polymer CP-MIPpgpp cOmposites
was made possible by the introduction of MTMA as a bridge between conductive and
molecularly imprinted polymers, a synthetic method that, to the best of our knowledge,

has been reported for the first time.

Phased inversed polymeric films of AA, AN, MMA, and MTMA were synthesised,
however film formation was not possible for formulation with MTMA content greater
than 19% and the inclusion of MTMA had a detrimental effect on film quality. The

MIPfs that were successfully generated, however, were selective for the EPD template.

The inclusion of MTMA in PEDOT:PSS based polymeric films results in a marked
decrease in conductivity from 98.7 to 5.5 S/m. Nevertheless, that MTMA can be
incorporated into a conductive polymer, and remain conductive, validates its use in the

conductive domain for a composite polymer.

Utilising the dual functionality of MTMA, CP-MIPpgpp composites of various
formulations using AA as functional monomer with and without the MBA cross-linker
(PEMS-AA-MBA and PEMS-AA, respectively) were prepared.

The proportion of MTMA incorporated in PEDOT:PSS was found to impart a
significant effect on EPD rebinding. Decreasing the proportion of MTMA used in the
conductive polymer was found to increase EPD binding in the CP-MIPpgpp,(most likely
due to less crosslinking between conductive polymer chains and the formation of a
longer AA chain length) but decrease selectivity due to a corresponding binding

increase in the CP-NIPp (due to a greater number of free AA).
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Increasing the amount of AA (> Immol in 6 mL of conductive polymer solution) in the
formulation resulted in a decrease in MIP binding, most likely due to an increase in
cross-linking between conductive polymer chains resulting in a reduction of template
access to binding cavities. Decreasing the amount of AA (< Immol in 6 mL of
conductive polymer solution) in the formulation also resulted in a decrease in CP-
MIPpepp binding, due to a decrease in the number of binding cavities. In both cases the

imprinting factor also increased due to decreased non-specific binding in the CP-NIPp.

PEMS-AA-MBA proved to be the most promising among the CP-MIPpgpp composite
systems investigated. In particular, the CP-MIPpgpp composite consisting of 93.0mg of
P(50%EDOT-50%MTMA):PSS with 0.8mmol of AA and 0.2mmol of MBA was the
most successful formulation achieved displaying a selectivity of 27 after 10 minutes of
rebinding stabilising to 11 after 1 hour with a EPD binding of 0.91 umol/mg, and a
specificity (Iepp/lapr) Of 5.1 against ADR. This has demonstrated, for the first time, the
potential of a CP-MIP composite for electrochemical sensing under the right conditions

and matrix beyond the scope of this study.

4.4.2 Future Work

Studies that could be conducted in order to further support this work would include
incorporation of CP-MIP composites into a conductive matrix to allow electrochemical
detection. Some initial investigations into this process were made by this author, with
attempts made to incorporate the CP-MIPpgpp composites into the PEDOT:PSS matrix.
PEDOT:PSS was chosen as the conductive matrix for the electrochemical detection

studies due to its ease of synthesis and high processability.

PEMS50-MBAO.2 composite particles, both CP-MIPpgpp and CP-NIPp, were
embedded into a conductive PEDOT:PSS matrices to allow electrochemical based

detection. Particle concentrations ranging from 50-500mg/mL were used, and the
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resulting mixture was spun cast (1500rpm) onto a glass substrate and annealed at 110°C

to form films of 3.2+0.4mm in thickness.

Quantitative rebinding results were produced using HPLC over 24 hours of template
rebinding, and are shown in Figure 4.23. These studies were performed to assess the
effect of the conductive matrix on template rebinding to the composite particles. These
results show rebinding of the EPD to the CP-MIPpgpp in comparison to the binding to
the CP-NIPp.
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Figure 4.23 EPD rebinding results for PEMS50-MBAO0.2 composite particles embedded in a
PEDOT:PSS matrix; 50mg/mL (a), 150mg/ml (b), and 500mg/mL (c). Rebinding was also measured after
24 hours with no significant additional binding observed.
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High levels of EPD binding were observed in both the MIPp and NIPp suggesting that
non-specific binding is dominating, resulting in a lack of selectivity for the EPD
template. The high levels of binding must be attributed to the PEDOT:PSS matrix, and
so studies were then performed to assess the binding of EPD to PEDOT:PSS alone.
Rebinding was assessed quantitatively over 24hours using HPLC and results are shown

in Figure 4.24.
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Figure 4.24 EPD rebinding results for PEDOT:PSS film. Rebinding was also measured after 24 hours
with no significant additional binding observed.

PEDOT:PSS shows similar levels of binding in the absence of embedded composite
particles. This confirms the notion that the observed high levels of non-specific binding
for PEMS50-MBAO.2 composite particles embedded in a PEDOT:PSS matrix is due to
the conductive polymer matrix itself. This can be attributed to a strong acid-base
interaction of the secondary amine of the EPD template with the acidic PSS component
of the conductive polymer matrix. The AA interaction with EPD was suggested as being
the dominant interaction in the CP-MIPpgpp composites due to the relative proportions
of AA and PSS. However, once embedded the non-specific interactions with PSS in the

PEDOT:PSS matrix would become far more prevalent.

SEM images of PEMS50-MBAO0.2 composite particles embedded in a PEDOT:PSS

matrix, as seen in Figure 4.25,were taken to investigate their surface morphology.
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Figure 4.25 SEM images of PEMS50-MBAO0.2 composite particles embedded in a PEDOT:PSS matrix;
MIP (a) and NIP (b). Magnification is x1000.

The SEM images show that the composite particles are completely embedded in the
PEDOT:PSS conductive matrix. Additionally the lack of porosity in the PEDOT:PSS
surface means that the template cannot easily access the binding cavities of the
PEMS50-MBAO0.2 composite particles.

While the use of PSS in the conductive polymer makes the PEDOT:PSS both simpler to
synthesis and significantly more processable. These results however suggest that the
inclusion of the PSS will also prevent its use as the conductive matrix for the composite
particles due the large increase in observed non-specific rebinding. The resulting lack of
selectivity makes electrochemical detection using this system unfeasible was not

attempted.

Future studies utilising an alternate conductive matrix, such as polypyrrole or poly(3-
hexylthiophene) would make embedding the composite particles more difficult,
however these conductive matrices are less likely to prevent template selectivity due to
non-specific binding, making electrochemical detection possible.

Additionally an investigation of the scope of the composite particles for use with other

templates is warranted. Finally the development and evaluation of a MIP based sensor
utilising these composite particles for electrochemical based detection is required.
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In this study, signal transduction mechanisms for molecularly imprinted polymeric
systems selective to (-)-ephedrine have been investigated and involved the development
of various MIPs, summarised in Appendix A, in film and particulate formats, both

cross-linked and linear, utilising in situ and post-polymerisation imprinting.

In all cases, the formulation of these MIPs has been guided by interaction studies
between monomers and analytes (template and competing analogues) using semi-
empirical molecular modelling and NMR spectroscopy. All MIP systems employed
acrylic acid as the functional monomer which strongly binds with the EPD template
through the formation of an acid-base interaction, as well as additional hydrogen
bonding interactions. Other monomers (IPA, MBA, AN, MMA, MTMA, EDOT)
responsible for the polymer bulk generally showed minimal interaction with EPD.

MIPs developed in this study displayed imprinting efficiency, based on imprinting
factors, ranging from a low of 1.3 (PEMS-AA-MBA) to a high of 27 (PAAMM).
Representative systems (shaded in Appendix A) tested also showed high specificity to
EPD against analogous analytes ADR, THEO, CAFF and for PAA-AN-MMA were

capable of discriminating between ephedrine stereoisomers.
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5.1 Gold Nanopatrticles and Molecularly Imprinted Polymers

Embedded gold nanoparticles were explored as a detection mechanism for molecularly
imprinted polymers. The surface plasmon resonance of the gold nanoparticles is
dependent on the inter-particle distance of the immobilised gold nanoparticles, allowing

the swelling behaviour of a MIP during rebinding to produce a detectable signal.

PAA-IPA-MBA (18.8%AA, 76.4%IPA and 4.8%MBA), utilised by Matsui et al %% 1%
and phase inversed PAA-AN-MMA system (17%AA, 41%AN, and 42%MMA) MIP
systems were both tested. While the PAA-IPA-MBA MIP selective to ADR and EPD
showed high levels of template binding, imprinting factors 3.4 and 2.4, respectively,
after 24 hours, the plasmon absorbance band of thiol-stabilised gold nanoparticles could
not be detected in the UV-Vis spectrum once the nanoparticles were embedded in PAA-
IPA-MBA system.

A phase inversed PAA-AN-MMA MIPf was produced which was both selective and
specific to the EPD template with detection being observed after as little as 10 minutes.
Gold nanoparticles were embedded into this polymer system which resulted in a
decrease to selectivity with an imprinting efficiency of 4.8 after 2 hours, compared to
7.2 for MIPf without gold nanoparticles. Spectroscopic rebinding studies found that
wavelength of maximum plasmon absorbance of embedded gold nanoparticles shifted
up to 15nm for the MIPf compared to 8nm for the NIPf. The amount of template
rebound by the polymer was found to closely correlate to the observed shift in the
surface plasmon resonance spectrum of the embedded gold nanoparticles. The type of
thiol stabilising agent used to prepare the gold nanoparticles was shown not to affect
EPD sorption or the resulting surface plasmon resonance response in the MIPf. Cross-
reactivity studies for this system showed it was highly specific for ephedrine-based
analytes and is also capable of differentiating EPD from its stereoisomers.
Spectroscopic rebinding studies also showed that the shift in plasmon absorbance was
significantly reduced for non-ephedrine based analytes (ADR, CAFF and THEO).

These results show excellent promise for the use of PAAANMMA polymers with

embedded gold nanoparticles as a forensic sensor for spectroscopic detection of EPD.
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5.2 Conductive Polymers/Molecularly Imprinted Polymer Composites

Composite polymers containing both electroactive (PEDOT:PSS) and molecularly
imprinted domains have been developed for the detection of EPD. MTMA was utilised

as a bridge between the conductive and molecularly imprinted polymers.

Phased inversed polymeric films of AA, AN, MMA, and up to 19% MTMA were
synthesised, with the inclusion of MTMA noted as having a detrimental effect on film
quality. The MIPfs synthesised with MTMA found to remain selective for the EPD

template.

PEDOT:PSS based conductive polymer solutions were prepared which incorporated
MTMA into the conductive backbone of the polymer. Inclusion of MTMA resulted in a
marked decrease in conductivity from 98.7 to 5.5 S/m. Nevertheless, that MTMA can

be incorporated into a conductive polymer, and remain conductive.

Utilising the dual functionality of MTMA, CP-MIPpgpp composites of various
formulations using AA as functional monomer (PEMS-AA) and with an MBA cross-
linker (PEMS-AA-MBA) were prepared.

The effect of changes in relative proportion of MTMA, AA and MBA on the selectivity
of the resulting CP-MIPpgpp Was assessed, with a CP-MIPpgpp composite consisting of
93.0mg P(50%EDOT-50%MTMA):PSS with 0.8mmol of AA and 0.2mmol of MBA
being the most successful formulation achieved. This CP-MIPpgpp displayed a
selectivity of 27 after 10 minutes, and 11 after 1 hour with an EPD binding of 0.91
umol/mg, and specificity (Iepp/lapr) Of 5.1 against ADR.

We have demonstrated the development of a novel composite system of conductive and
molecularly imprinted polymers which is capable of the acting as a possible detection

element in future electrochemical sensors.
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Appendix

Appendix A List of EPD-imprinted polymer systems developed in this study.
Polymer Code/ Format Polymer Formulation MIP Binding | NIP Binding | Imprinting Binding Signal Transduction
nmol/mg pmol/mg Factor (1) Time (h) Mechanism

PAA-IPA-MBA 18.8% AA, 76.4% IPA, 4.8% SPR — No significant
Film from bulk hydrogel MBA, + AUpua 0.30 0.13 2.4 24 response
(Chapter 3.2)

17% AA, 41% AN,42% MMA 0.68 0.09 7.2 2

0, 0, 0,

17% AA, 41% AN, 42% MMA 0.32 0.07 48 5

+ AUmua
x‘A'AN'M'\’;’?I f 17% AA, 41% AN, 42% MMA, 0.35 0.06 6 ,
hase inversed film from + AUspor ' ' ' SPR — Up to 15nm shift in
linear polymers 17% AA, 41% AN, 42% MMA UV-Vis spectrum
(Chapter 3.3) ’ ' ' 0.35 0.07 A7 2

+ AUnpr

0, 0, 0,

17_/o AA, 41% AN, 42% MMA, 0.31 0.06 49 5

with AUnpT
PAAMM 15.1% AA, 38.6% AN, 39.1%
Phase inversed film from MMA, 7.1% MTMA 0.47 0.28 1.6 2
linear polymers 13.7% AA, 34.9% AN, 32.8%
(Chapter 4.1) MMA, 18.6% MTMA 0.11 0.04 3.0 2
PMTMA:PSS-AA1L 6mL PMTMA:PSS, Immol AA
Particulate 0.30 0.03 9.3 1
(Chapter 4.3)
PEMSZS-AAl 6mL PEMS25, 1mmol AA 141 0.35 40 1
Particulate
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Appendix A Cont. List of EPD-imprinted polymer systems developed in this study.

Appendix

Polymer Code/ Format Polymer Formulation MIP NIP Binding | Imprinting Binding Signal Transduction
Binding pmol/mg Factor (1) Time (h) Mechanism
pmol/mg
6mL PEMS50, 0.5mmol AA 0.35 0.01 25.8 1
E;’:ffjgtﬁ'“ BmL PEMS50, Immol AA 0.94 0.17 55 1
6mL PEMS50, 2.5mmol AA 0.25 0.01 19.3 1
(Chapter 4.3)
6mL PEMS50, 10mmol AA 0.22 0.03 7.7 1
6mL PEMS50, 0.2mmol AA,
0.8mmol MBA 0.16 0.11 1.5 1
6mL PEMS50, 0.35mmol AA, 0.12 0.05 24 1
PEMS-AA-MBA 0.65mmol MBA
v 6mL PEMS50, 0.5mmol AA,
Particulate 0.09 0.06 15 1
Chaoter 4.3 0.5mmol MBA
(Chapter 4.3) 6mL PEMS50, 0.65mmol AA, 014 011 L3 .
0.35mmol MBA ' ' '
6mL PEMS50, 0.8mmol AA,
0.2mmol MBA 0.91 0.08 11.3 1
PEMS-AA-MBA in 6mL PEMS50, 0.8mmol AA, Conductivity —
PEDOT:PSS matrix 0.2mmol MBA 0.24 0.25 1.0 1 Non-selective

(Chapter 4.4)

Shaded MIPs have been tested for specificity through cross-reactivity studies.
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