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Abstract

Colorimetric probes have become important tools in analysis and biomedical technology. This
thesis reports on the development of such probes for the detection of dopamine (DA). Liquid and
different solid state probes were developed utilizing un—functionalized gold nanoparticles (UF—
AuUNPs). The liquid state probe is based on the growth and aggregation of the UF-AuUNPs in the
presence of DA. Upon addition of the UF-AuUNPs to various concentrations of DA, the shape,
size and colour change results in spectral shifts from lower to higher wavelengths. The analyte
can be easily monitored by the naked eye from 5.0 nM DA with a calculated limit of detection of
2.5 nM (30) under optimal pH. Ascorbic acid (AA) has a potential to interfere with DA detection
in solution since it is often present in biological fluids, but in this case the interference was
limited to solutions where its concentration was beyond 200 times greater than that of DA. Since
most of the previously reported colorimetric probes, especially those for DA are solution based,
the main focus of the thesis was in the development of a solid state based colorimetric probe in
the form of nanofibre mats. To overcome the interference challenges experienced in the solution
studies (the interference by high concentrations of AA), the suitability of molecularly imprinted
polymers (MIPs) for the selective detection of DA was investigated. The results showed that the
MIPs produced did not play a significant role in enhancing the selectivity towards DA. A probe
composed of just the UF-AuUNPs and Nylon—-6 (UF-AuNPs + N6) was also developed. The UF-
AuNPs were synthesized following an in situ reduction method. The probe was only selective to
DA and insensitive to other catecholamines at physiological pH. Thus, the probe did not require
any addition functionalities to achieve selectivity and sensitive to DA. The liquid state probe and
the composite UF-AuNPs + N6 nanofibre probe were successfully applied to a whole blood
sample and showed good selectivity towards DA. The simple, sensitive and selective probe
could be an excellent alternative for on—site and immediate detection of DA without the use of
instrumentation. For quantification of DA using the solid state probe, open—source software
imageJ was used to assist in the analysis of the nanofibre colours. It was observed that the
intensity of the colour increased with the increase in concentration of DA in a linear fashion. The
use of imageJ can also be a great alternative where the colour changes are not so clear or for

visually impaired people. The solid state probe developed can detect DA qualitatively and
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quantitatively. The work also forms a good foundation for development of such probes for other

analyte.
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Chapter 1: Introduction

1.0 Background

Dopamine (3,4—dihydroxyphenylethylamine) is a biogenic catecholamine neurotransmitter [1]. It
was first synthesized by George Barger and James Hill in 1910 at The Wellcome Laboratories in
London, England by decarboxylation of 3,4-dihydroxyphenylalanine which is also known as | —
DOPA. The name dopamine (DA) was first suggested by Henry Dale in 1952 [2]. Before the
mid—-1950s, DA was known as just a precursor in the formation of norepinephrine. However, in
the late 1950s DA began to be recognized as having important physiological effects in its own

right. Further studies on DA by Carlsson et al. led to the realization that it is a neurotransmitter

[3].

DA is naturally produced and widely distributed in the central nervous system (olfactory bulb,
substantia nigra, ventral tegmental area, and the retina) of mammals. It plays a number of
significant roles in the function of human metabolism, cardiovascular, central nervous, renal, as
well as hormonal systems [4]. DA affects the fundamental functions of the brain such as
learning, movement, emotions, the sense of smell, sensitivity to light, and the ability to
experience pain. DA is also an integral to higher brain functions such as salience, euphoria,
pleasure and appetitive and consummatory aspects of reward. Moreover, abnormal levels of DA
in the body fluids are indications of various serious diseases and disorders such as Parkinson’s
disease, Huntington’s disease, and Schizophrenia [5-7]. Furthermore, DA coexists with ascorbic
acid (AA) and uric acid (UA) in biological fluids such as urine and blood. The basal
concentration of AA and UA is generally much higher (100-1000 times) than that of DA (0.01—
0.1 uM) and results in poor selectivity as well as sensitivity for DA detection [1, 8, 9]. It is
therefore essential to develop analytical methods that will detect dopamine in the presence of

interfering substances.
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1.1 Analytical chemistry methods

An analytical method generally consists of several steps, including sample handling (involves
sampling, extraction and pre—concentration and sample work-up) and detection. Sample handling
refers to any action applied to the sample prior to instrumental analysis. Sampling is a process of
selecting a representative portion of material (the sample) from a larger quantity of interest
instead of the entire material. Biological samples are usually characterized by dirty and complex
matrices that introduce severe challenges during separation and detection steps. After sampling,
the analyte of interest will be isolated from the matrix to make it suitable for detection. Selective
and sensitive sample preparation is therefore important, especially in detecting analytes on trace
levels such as in pharmaceutical samples, organics and metal ions [10]. The sample preparation
must be tailored to the final analysis, considering the instrument to be used and the degree of
accuracy required. Generally, sample preparation is dependent on the matrix and analyte. The
sampling and sample preparation process generally accounts for 80% of the whole analysis time
[11].

A sample preparation technique namely extraction is used to separate analyte(s) from complex
components of the matrix thereby simplifying the detection process. The extraction technique is
applicable in liquids, solids and gaseous samples. Employing the extraction technique, one can
separate the analyte of interest from the sample matrix with an optimum yield and selectivity, in
order to minimize the quantity of the interfering species that are carried through to the analytical
separation stage [12]. Extraction methods such as solvent extraction from solids and liquid-liquid
extraction (LLE) from solids are used. Other sample extraction techniques include: Soxhlet,
super-critical fluid, pressurized liquid and microwave assisted extraction. Selectivity is usually
achieved by changing the extraction temperature or pressure or through the use of pH and
additives. This often changes the solubility of the analyte in the given solvent system. In other
extraction methods, such as solid phase extraction, immuno—affinity and imprinted polymers,
selectivity for specific functional groups or mimicking of biological selectivity is attained.
Furthermore, biological analytes are normally found to be at trace levels in real samples. A pre—

concentration step is usually required to bring the analye(s) to detectable level using instruments.
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After sample preparation, the analyte can be detected using techniques such as electrochemical,

spectroscopic or colorimetric methods depending on the analyte or the developed method.

There are various conventional analytical techniques that have been reported for detecting DA.
These conventional techniques include chemiluminescent, fluorescent, spectrophotometric and

electrochemical detection and are reported next (Section 1.2).

1.2 Conventional detection techniques

1.2.1 Chemiluminescent detection

Chemiluminescence (CL) is light emitted by chemical reactions. In principle, the light can be
emitted from the ultraviolet to the infrared region, but is most commonly emitted as visible. The
energy levels in CL are identical with those involved in fluorescence phenomena, except for the
mode of excitation. CL reactions normally yield a product in an electrochemically excited state
that produces light. Therefore, only exothermic reactions can generate the required energies.
Most CL reactions utilize oxygen, hydrogen peroxides or similar potential oxidants. Peroxides,
particularly cyclic peroxides, are prevalent in light emitting reactions due to their relatively weak
bond (O-0) that is easily cleaved resulting in molecular reorganization that releases a large
quantity of energy. The attractiveness of CL as an analytical tool is its inherent strengths such as
sensitivity, simplicity and wide dynamic range, as well as applicability to a range of analytical
chemistry applications in biomedical and environmental analysis. Detection of CL signals can
also be accomplished in several ways including direct methods (e.g. naked—eye), and indirect

methods such as emission in flow injection, chromatographic and immunoassays [13-16].

Autoxidation of DA produces dopaminequinone and superoxides while enzyme oxidation of DA
by monoamine oxidase generate hydrogen peroxide. This is due to the two phenolic hydroxyl
groups that are easily oxidized under physiological conditions to generate hydrogen peroxide and
other radicals (e.g. OH") [17]. CL could therefore be applied to detect DA. In one study [18],
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imidazole was utilized to generate hydrogen peroxide from DA, and peroxyoxalate CL detected
the hydrogen peroxide. Nozaki et al.[19], used amines to generate hydrogen peroxide from DA.
Recently, Liu and co—workers developed a method based on electrogenerated CL for
determining DA and the limit of detection (LOD) of 9.2 x10° M was achieved [20].

Although CL detection is highly sensitive, it is time consuming owing to its reliance on
enzymatic reactions that are dynamic and change over—time [21]. Lack of selectivity towards the
analyte of interest may occur when a CL reagent yields a significant emission for more than one
analyte. Furthermore, CL emission intensities are sensitive to a number of environmental factors
such as temperature, solvent, ionic strength, as well as pH. Consequently, there will be a
mismatch of the separation conditions (e.g. high performance liquid chromatography, HPLC)

and the optimum CL conditions.

1.2.2 Fluorescence detection of DA

Fluorescence detection methods have led to major improvements in bioanalytical applications
owing to their extraordinary selectivity. The conventional fluorescent probes used are organic
dyes; a lot of methods have been reported for bioimaging [22, 23] and biosensor [24] utilizing
semiconductor nanocrystals as substituent for the organic dyes which are usually associated with
low sensitivity. Quantum dots and noble metal nanoclusters are also promising materials as
substitutes for organic dyes. Both quantum dots and noble metal nanoclusters are characterized
by enhanced sensitivity for the analyte of interest. Mu et al. [25] reported a sensor for the
sensitive detection of DA based on adenosine capped cadmium selenium/ zinc sulphate
(CdSe/zZnS) quantum dots. The method exhibited high selectivity in the presence of amino acid,
UA and glucide. An LOD of 29.3 nM was achieved and the sensor was applied in urine samples.
Another fluorescence probe for sensitive detection of catecholamines based on the fluorescence
quenching of CdSe nanocrystals was reported by Ma et al. [26]. Although low LOD have been
reported for the fluorescence probe, fluorescence measurements require the use of expensive and

somewhat complicated instrumentation.
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1.2.3 Spectrophotometric detection of DA

Spectrophotometry deals with visible light, near-ultraviolet and near—infrared. However,
spectrophotometric methods of determination based on ultraviolet and visible absorption are
used more often and for a wide variety of substances compared to any other analytical method
[27]. Due to the interferences that are normally observed during the detection of 1,2—diphenolic
compounds by direct measurements of the UV absorption, new spectrophotometric methods are
being developed to address the challenge. The newly developed methods involve conversion of
the drugs to coloured derivatives prior to measurement to permit absorption in the visible
spectrum. The spectrophotometric detection technique has been applied in the determination of
DA-like compounds [28]. El-Dien et al. [29] employed the spectrophotometric detection
technique to assay derivatives of DA in pharmaceutical and biological samples of schizophrenic
patients utilizing copper tetramine complex and triiodide reagent. The method was based on
coupling of 4-aminoantipyrine with one of the DA derivatives (levadopa for example) to
produce a new ligand that reacts with copper tetramine complex and so as to generate an
intensely coloured chelated ligand. Consequently, the coloured products were quantified
spectrophotometrically. Recently, a method based on the oxidation of thionine by bromate in
acidic media and the inhibitory effect of DA on this reaction was proposed [30]. There are a
number of reports in literature for the determination of DA employing spectrophotometric
methods, however, the limitations have been low sensitivity [31, 32] and the need for suitable

instrumentation.

1.2.4 Electrochemical detection of DA

Electrochemical methods have received considerable interest owing to the fast detection,
simplicity, reproducibility and potential for miniaturizing. To improve the sensitivity,
nanomaterials are most commonly used for the design of sensing devices [33, 34]. The
electrochemical technique suffer from low selectivity towards the analyte of interest. For
instance, in the case of DA, overlapping voltammetric responses for the oxidation of a mixture of

AA, UA and DA are usually observed. However, there are reports on the application of
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electrochemical methods for the selective detection of DA. Most of the detection limits reported

in literature are in the uM range [8, 35, 36].

1.2.5 Colorimetric detection

Methods developed utilizing conventional techniques have challenges including the use of
analytically specific instrumentations that are difficult to operate and follow time-consuming
procedures. It is therefore essential to develop an analytical method that is simple yet selective
and sensitive for diagnostic application. As a better alternative method, colorimetric probes are
being developed for routine analysis. Colorimetric detection relies on colour changes of
materials induced by the presence of the targeted analyte and will be discussed in detail in

chapter 2.

1.3 Objectives of the thesis

Gold nanoparticles stabilized with various stabilizing agents have been used in the development
of colorimetric probes for dopamine. However, there are no studies that applied un-
functionalized gold nanoparticles more especially in the synthesis of solid state based
colorimetric probes. The main objective of the studies carried out in this thesis was to develop a
simple, rapid, sensitive and selective colorimetric probe for the detection of DA. The specific

aims of this thesis were to develop:
(i) A probe based on colloidal un—functionalized AuNPs (UF—AUNPS)

(if) A probe based on electrospun molecularly imprinted polymers containing the same gold
nanoparticles (UF-AuNPs/electrospun nylon 6) as electrospun composite nanofibres (MIPs +
UF-AUNPs + N6).

(iii) A probe based on electrospun fibres containing the UF—AuUNPs. A further objective was to
explore how the probes work in order to understand the development of similar probes for other

analytes.
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The liquid state colorimetric probe would be prepared using a reducing agent only and
introduced to DA of various concentrations to evaluate if colour changes would occur. The probe
would then be characterized using UV/vis spectroscopy and transmission electron microscopy to
evaluate any morphological changes of the nanoparticles in the presence of DA. After
understanding the solution based probe, solid state colorimetric probes would be fabricated
employing the electrospinning technique. Studies would be carried out in order to evaluate the

reaction mechanism of the nanofibre (solid state probe) to investigate:

e The arrangement of the nanoparticles within the nanofibre using TEM to prove or
disprove dispersion of the nanoparticles.

e Any possible interactions between the functional groups of DA and the UF—AuUNPs by
conducting nitrogen 1s and oxygen 1s XPS analysis of the probe.

e The presence of Au™ by conducting Au4F XPS studies.

e Interaction between the gold atom and the nylon—6 using FTIR.

e Morphology before and after DA using scanning and transmission electron microscopy

o If the intensity of the colour changes with increase/decrease in concentration of DA by

looking at the quantification of the colour and intensity using ImageJ.

Further investigations on the applications of the probe in real sample (human whole blood)
would be carried out.

The next chapter will give a literature review including the motivations on why the main
materials (gold nanoparticles, molecularly imprinted polymer and electrospun nanofibres) used

in this thesis were chosen.
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Chapter 2: Literature Review

2.1 Colorimetric detection of dopamine

Various methods for the detection of biological compounds have been reported [37-41]. The
newly developed methods have been characterized by several advantages over conventional
methods, particularly in sensitivity and selectivity [42-45]. Among these methods, colorimetric
detection appears to be most commonly used for routine analysis because of its fascinating
characteristics that include its simplicity, low cost and that detection can be achieved with the
naked eye [46], thus complicated instruments are not required. Various colorimetric detection
techniques have been documented, including strategies employing organic dyes (e.g. azo dyes)
[47], colorimetric polymeric materials (e.g. polydiacetylene, PDA) [48] and metal NPs (e.g.
silver and gold) [49]. Currently, colorimetric methods that are based on the use of PDA and

metal NPs are the most attractive.

2.1.1 Polydiacetylene-based colorimetric probes

Polydiacetylene is an outstanding conjugated polymeric material possessing unique chromatic
properties. These polymers are easily prepared from diacetylenic monomers, initiated by
ultraviolet (UV) or y-irradiation at room temperature. The resulting PDA is of high purity since
the process does not involve the use of catalysts or chemical initiators. The colour of the PDA is
intensely blue and changes to red under external stimuli such as pH [50, 51], temperature
changes [52], and surface pressure [53]. The blue-to—red transitions are mainly characterized
using UV/vis spectroscopy. The absorption maxima for the blue phase appears around 650 nm

whilst for the red phase occur around 550 nm [54].

The lipodomimetic structural features of PDA, i.e. hydrophobic tail and hydrophilic head group
yield biomimetic membranes and liposomes in water. The most applied PDA material designs
for assay and detection of biological analytes are the PDA liposomes. These can be prepared by

conjugating the bio-reactive species to the surface [55]. PDAs have both absorbance and
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fluorescence properties for signal transduction. These properties are due to the presence of the
conjugated (ene-yne) backbone (Fig. 2.1.1) and allows for the application of PDA in the
formation of bio-sensing materials. PDA has been extensively utilized to colorimetrically detect
influenza [56, 57], bacteria [58], mammalian peptides [59], antibodies [60] and enzymatic
activity [61].
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Figure 2.1.1: Structural features of polydiacetylene. (A) reaction of polymerized backbone
from the diynoic acid monomers; (B) induction of the blue-red colour transitions [62].
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A combination of PDA with phospholipids and other constituents of the cell membrane results in
mixed lipid/PDA vesicles. These systems have proven to be advantageous in enhancing the use
of the PDA technology to develop sensors for biological and pharmaceutical compounds. The
benefits of using mixed lipid/PDA vesicles include the observation that the PDA framework can
act as “scaffolding” for stabilization of additional lipophilic dyes and recognition elements that
can be incorporated into the vesicles (rather than covalently attached to the polymer). Such
organizations have been employed for high sensitive and selective detection of catecholamines.
One example was reported by Kolusheva et al. [63]; the authors presented a method for sensitive
and selective detection of norepinephrine and DA based on fluorescence induced from the
phospholipid/PDA vesicles anchoring synthetic receptors. Unfortunately, the authors reported
that they could not use the colorimetric aspect due to some practical challenges including the
interference arising from the strong colours of the synthetic receptors.

2.1.2 Metal nanoparticle-based colorimetric probes

Metal nanoparticles have attracted great interest in science and technology mainly due to their
unique properties and numerous applications. The areas of application include but are not limited
to catalysis, electronics, optics [64], imaging, chemical sensors and biosensors [65]. Noble metal
NPs particularly silver (AgNPs) and AuNPs are the subject of focused research owing to their
optical and electronic features. Thanks to the remarkable properties of AuNPs and AgNPs that
makes them ideal colorimetric probes in the development of analytical methods for detecting
various analytes [66, 67]. Both AgNPs and AuNPs are extremely sensitive owing to their higher
extinction coefficients compared with traditional organic chromophores [68].

However, until recently, AgNPs were mainly exploited for their antibacterial activity [69-71].
Hence, the few reports on the colorimetric detections based on AgNPs. The core challenge that
has delayed the use of AgNPs as colorimetric probes is the susceptibility of the silver surface to
oxidation, which makes it difficult to stabilize them for their analytical applications [65, 72, 73].
Recently, stabilization of AgNPs has been achieved through surface functionalization with
appropriate ligands. Nevertheless, the studies conducted in this thesis focused on AuNPs.
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2.1.3 Gold nanoparticles (AuNPs)

AuNPs have drawn considerable attention as colorimetric probes because they are easy to
synthesize and functionalize, have distinct spectral features and, long-term stability [10, 74].
They have colours ranging from red to purple/blue and violet [75]. The colour change is highly
sensitive to the size, shape, stabilizing agents, refractive index of the medium, as well as the
aggregation state of the AuNPs. AuNP-based colorimetric probes have been widely applied in a
variety of research fields including clinical diagnostics [76, 77], detection of DNA [78], proteins
[79], metal ions and small molecules [67] and so on. In order to satisfy the desired application,

various procedures are followed for the synthesis of the AUNPs.

2.1.3.1 Methods for the synthesis of gold nanoparticles

There are three main reagents for preparation of metal nanoparticles namely, a metal salt, a
stabilizing or capping agent and a reducing agent. The function of the reducing agent is to reduce
the metal ions to the atom that would precipitate to form nanoparticles. The stabilizing agent
prevents formed nanoparticles from aggregating before their intended use. The reaction
conditions also play a crucial role during the synthesis of the nanoparticles. Studies have shown
that the method of synthesis of the AuNPs is important for both the mechanism of detection,
their storage and may also determine their stability. As a result, depending on the intended use,
AuNPs have been prepared under different conditions. For example, organic and inorganic
solvents have been utilized as reaction media. Nanoparticles formed in solution are called
colloidal nanopartcles. When specific shapes or sizes of AuNPs are required for a particular
application, a method known as seed-grown synthesis is normally used. This method involves
two or more steps (Fig. 2.1.3.1.1). Recently, an in situ strategy for the synthesis of NPs has been
reported. The in situ method has received more attention since it involves formation of the NPs
in one step. The two main chemical strategies for the synthesis of AuNPs are discussed in
2.13.1.1and 2.1.3.1.2.

11| Page



2.1.3.1.1 Seed-growth method

As already mentioned in 2.1.3.1, the seed—growth approach is employed to prepare nanoparticles
with desired morphology. In a general seed—growth method, gold seeds or germ (small sized
particles) are first prepared by chemical reduction of appropriate quantities of the gold salt using
a suitable reducing agent in the presence of a stabilizing agent such as citrate and
hexadecyltrimethyammonium bromide (CTAB) [80, 81]. The smaller particles are usually
produced by using stronger reducing agents such as sodium borohydride (NaBH,), phosphorus,
or tetrakis(hydroxymethyl) phosphonium chloride [82-85]. The seeds are then added to a
solution containing more metal salt. The reducing agent used in the second stage of the seed-
growth process is a weaker one; for example, hydroxylamine and ascorbic acid [86, 87]. The
weak reducing agents should reduce only the metal salt ions which are adsorbed onto the surface
of the seed without forming any new nucleation or growth centres. Thus, the seeds serve as
nucleation sites for the formation of particular sizes or shapes of the AuNPs [88, 89]. The whole

process takes approximately 16 h or more [90]. There are various successful reports on the use of
the method to produce different shapes and sizes of AuNPs.
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Figure 2.1.3.1.1: Generalized two-step mechanism for solution-phase AuNP synthesis [91].
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2.1.3.1.2 In situ synthesis

In the in situ reduction method, both nucleation and growth are completed in a single step. There
are two in situ reduction methods that have been applied to tetrachloauric acid (HAuUClIy)
precursor namely photoreduction by UV irradiation and reduction by potassium (or sodium)
borohydride. Reduction by UV irradiation in the presence of various stabilizing agents is a slow
process and usually results in large particles; whereas the fast borohydride reduction method
generally gives colloids that are stable for months with very small, spherical particles and
narrower size distribution [92]. The size and shape of the nanoparticles is necessary in the
development of colorimetric probes since they are the mostly affected when the analyte of

interest interact with the AuNPs.

2.1.3.2 Gold nanoparticle—based colorimetric detection of dopamine

An ideal colorimetric probe must be simple, sensitive and selective towards the targeted analyte.
Since AuNPs are naturally sensitive due to their high extinction coefficients, one needs to think
about how to cater for selectivity. Selectivity of various analytes have been accomplished by
choosing stabilizing agents that have functional groups which will allow selective binding of the
target in the presence of interfering species. There are several reports for the colorimetric
detection of DA employing AuNPs. Most of the approaches follow a two—step process. The first
step is usually the in situ preparation of the AuNPs employing the citrate-mediated reduction of
HAUCI,. The citrate acts as both a reducing and stabilizing agent to produce wine—red solution.
Basically, the citrate method involves heating of HAuCI, aqueous solution to vigorous boiling
followed by the addition of sodium citrate solution under continuous stirring. The heating is
stopped after boiling for few min to allow the solution to cool down to room temperature [93,

94]. In the second step, the citrate ion is exchanged for another ligand.
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2.1.3.3 Literature examples of gold nanoparticle-based colorimetric probes

for dopamine detection

For example, Liu et al. [95] synthesized dithiobis(succinimidylpropionate)-modified AuNPs
following a ligand—exchange reaction. The probe showed good selectivity in the presence of
some interfering compounds with a limit of detection (LOD) of 2 nM. Recently, Feng et al. [96]
developed a probe based on 4-amino—3-hydrazino-5-mercapto-1,2,4-triazole (AHMT)
functionalized AuNPs. The selectivity of the probe relied on the hydrogen bonding between the
amine and hydroxyl groups of DA with AHMT. Employing the probe, the authors obtained an
LOD of 0.07 uM. Another method utilizing AuNPs prepared via ligand—exchange reaction was
reported by Lee et al. [97]. However, instead of following the citrate-mediated reduction, the
AUNPs were prepared in a mixture of water and toluene in the presence of tetraoctylammonnium
bromide (TOAB) as a stabilizing agent. In this case, NaBH, was used as a reducing agent. The
TOAB-AuUNPs were then mixed with a solution of 4-dimethyl-aminopyridine (DMAP). The
hydrophilic DMAP molecules were replaced by the hydrophobic TOAB molecules on the
surface of the AuNPs such that the DMAP-AUNPs moved into the water phase. Thus, achieving
both ligand—exchange and phase transfer. The mechanism of detection by the probe is via the
core etching of the DMAP-AUNPs by DA thereby resulting in a reduction in size of the prepared
nanoparticles, causing colour change from red to green and an LOD of 5 nM was observed.
Following the citrate reduction procedure, Zheng et al. [98] demonstrated a strategy for detecting
DA employing a DA-binding aptamer as recognition element. Kong et al. [7] functionalized
AuNPs with 4-mercaptophenylboronic acid and disthiobis(succinimidylpropionate) for double
molecular recognition of DA. In another study [99], the citrate ion on the surface of the AuUNPs
was exchanged for dithiobis(sulfosuccinimidylpropionate) and the resulting nanoparticles were
used in conjunction with FesO, as recognition species for DA. Liu et al. [100] immobilized Ag*
on the surface of gold nanorods (AuNR). The mechanism of detection involved the reduction of
the Ag" to Ag® which resulted in the change of the dielectric function, the aspect ratio of the

AUNR, and colour of the solution.

All the examples of AuNP—based colorimetric probes have shown undoubtable selectivity and

sensitivity towards DA. However, they are somewhat complicated to prepare and the procedures
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for obtaining the final probe are all fairly long. As a better alternative, this thesis proposed the
use of in situ prepared un—functionalized AuNPs to develop a simple, yet sensitive and selective

approach for the detection of DA.

2.1.4 Selectivity

Aptamers and ligands are not the only materials used to design methods that will be selective
towards specific biological compounds. Selectivity towards different analytes has been achieved
using solid phase extraction (SPE) sorbents such as restricted access materials, immuno-sorbents

and molecularly imprinted polymers.

The principle of SPE involves partitioning of selected analytes between two phases, usually a
liquid (solvent with analyte or sample matrix) and a solid (sorbent) phase. SPE is similar to
liquid-liquid extraction (LLE) in the sense that they both involve separation of solutes between
two phases [101]. SPE enables the concentration and purification of analytes from solution by
sorption on a solid sorbent. It can be used to separate the targeted analytes from a wide variety of
matrices such as urine, blood, animal tissue and soil [102-105]. SPE is currently one of the

commonly used techniques for the pre—treatment of biological matrices.

A typical SPE procedure involves four steps (Fig. 2.1.4.1) namely (1) condition of the sorbent by
passing through an appropriate solvent; (2) application of the sample (the analytes will be
retained by the sorbent); (3) removal of interfering species and finally, (4) elution of the analytes
[101]. Although SPE has offered several advantages over LLE in terms of selectivity,
reproducibility and avoidance of emulsion formation; operation of the conventional SPE is still
multistep, labour intensive and time consuming owing to the large number of samples.
Moreover, a concentration step via solvent evaporation is often necessary, which may result in a

loss of volatile components and generation of waste and hazards [106, 107].
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Figure 2.1.4.1: Schematic representation of SPE clean-up procedure [108].

There is a wide range of conventional SPE sorbents available commercially; these include C18
silica, graphitized carbon black, macroporous polystyrene divinylbenze (PS-DVB) [109]. The
SPE sorbents are based either on physical loading or chemical binding of selected chelating
reagents to different solid supports such as ion exchange resins, modified silica, modified clay,
modified alumina and activated carbon. During the development of the method, the physical,
chemical and thermodynamic dependencies concerning the targeted analyte, the solvent and

sorbents are used to optimise the SPE process [110].

One of the limitations of SPE is that the packing must be uniform to avoid poor efficiency and
although the pre—packed commercial cartridges are now considered reliable, automated systems
can have difficulties with reproducibility for some sample types. The sample matrix can also

affect the proficiency of the sorbent to ‘extract’ the analyte due to competition for retention.
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Many conventional sorbents are limited in terms of selectivity and insufficient retention of very
polar compounds. New adsorbents and modification of adsorbents by introducing polar groups

are being developed to improve the extraction efficiency for polar compounds [11].

The main challenge with conventional SPE systems is that they are not selective enough and
they give low extraction yields. Moreover, off-line SPE and extraction on alumina requires
extensive washing procedures that could introduce variability in recoveries. There is therefore a
demand for new selective SPE sorbents involving fewer one or step and give good recoveries in
a short period. New selective sorbent materials based on molecular recognition (molecularly
imprinted polymers and immune-sorbents) and size exclusion (restricted access materials) were

developed with the aim to enhance selectivity.

Restricted access materials (RAMS) are a class of SPE sorbents that possess a biocompatible
surface and a pore size that restricts large molecules from penetrating the interior extraction
phase based on size. The inner pore surface has an extraction phase, which is responsible for the
separation of low molecular weight analytes. RAMs were specifically developed for analysis of
biological samples, such as plasma and serum. This is because they were developed to exclude
large molecules such as proteins. The large molecules are separated either by a physical barrier
or a chemical barrier created by the protein network at the outer surface of the particle. RAM can
therefore be employed as a pre—column to preliminarily clean up the biological fluids and to pre-
separate and pre—concentrate the target analyte from the biological matrices. With RAM-based
on-line SPE, it is possible to directly inject the biological sample into flow—-analysis systems
without previous sample treatment [111, 112]. There are various publications reporting the
application of RAMs as pre—columns in column switch systems for direct injection of biological

samples such as plasma [113] and the determination of pharmaceuticals such as propranolol.

Immuno-sorbents with covalently immobilized antibodies or antigens have high affinity to the
corresponding antigens, or antibodies. Immuno—sorbents can be designed for a single analyte
[114] or antibodies that bind to related analytes with similar structures to the antigen or for a
group of compounds [112, 115]. In immuno—affinity extraction techniques (IAE), SPE cartridges

are loaded with antibodies specific to target analytes and bound onto silica-based sorbents.
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Extraction, clean-up and trace enrichment of the targeted analyte from complex matrices is
achieved in one step using the immuno—sorbents [116]. IAE coupled on-line to LC-MS has been

employed to determine pharmaceuticals [117, 118] and hormones [119] in biological samples.

Although the immuno-sorbents are highly selective, they are unstable in most experimental
conditions and are relatively expensive. Moreover, the need to first make the antibody makes it
impractical for ‘once—off” analyses and the process is tedious and time consuming. To overcome
this challenge, extractants such as molecularly imprinted polymers (MIPs) have been developed.

The MIPs are discussed in detail in the next section.

2.2 Molecular imprinting

2.2.0 Introduction

Molecular imprinting provides a way to synthesize polymers having specific molecular
recognition properties for a target molecule. The target molecule is recognized based on complex
formation by hydrogen bonding and electrostatic interaction or hydrophobic effects [120]. The
highly selective recognition characteristics of MIPs are comparable to those of natural biological
species such as receptors and antibodies. As a result, MIPs are normally referred to as synthetic
antibodies [121]. Compared to other recognition materials such as immuno-sorbents, MIPs
exhibit very good physical and chemical stability and can be used in harsh media such as in
organic solvents, at extreme pH, high pressure and elevated temperatures where biological
macromolecules are usually denatured [122-124]. Furthermore, they are cost effective and the
synthesis procedures are relatively simple; making them an excellent alternative to the use of

natural receptors [125].

MIPs can be synthesized by mixing the template (target) molecule with functional monomers,
cross-linking monomers and a radical initiator in a suitable solvent, most often an aprotic and
non—polar solvent. Subsequently, the pre—polymerization mixture is subjected to UV light or heat
S0 as to initiate polymerization [126]. This results in a rigid polymer matrix with the embedded

template. Removal of the template exposes permanent recognition sites specific to the template.
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The binding sites are complementary in size, shape and chemical functionality to the target
molecule; enabling selective rebinding of the template from a mixture of closely related
molecules (Fig. 2.2.1) [127, 128].The accuracy of the binding cavity and the selectivity of the
MIP are determined by the strength of the interaction between the template and the monomer
[129].

2.2.1 Approaches for preparation of MIPs

To date, three approaches for preparation of MIPs have been reported, covalent, non—covalent
and semi—covalent approaches. The covalent approach involves the formation of irreversible
covalent bonds (such as boronate ester, ketal and acetyl, or Schiff base) between the template
and monomers prior to polymerization. After polymerization, the covalent bond is chemically
cleaved and the template is removed from the polymer. The same covalent bonds reform during
re-binding of the analyte by the MIP. The template—monomer interaction (covalent bond) is
highly stable; as a result the protocol yields a more homogenous distribution of recognition sites
minimizing the existence of non-specific sites. However, the covalent imprinting approach is
rather restrictive as the choice of irreversible covalent interactions and the potential templates
suitable for the covalent approach are limited. Moreover, there is always a need for acid
hydrolysis procedure to cleave the covalent bonds between the template and the functional
monomer [128, 130-132]. Takeuchi et al. [133] developed a novel synthetic receptor for DA
bearing bidentate binding sites by covalent imprinting using a disulfide linkage which was
cleaved and oxidized to a non-covalent sulfoxide recognition group. Although the method

showed good selectivity to DA, it is somewhat complicated.

On the other hand, the non—covalent imprinting approach developed by Arshady and Mosbach
[134], utilizes only non—covalent interactions such as hydrogen bonds, ionic interactions and
hydrophobic interactions for both the formation of recognition sites and for subsequent re—
binding [135]. Of the three molecular imprinting approaches, the non—covalent approach is by
far the most used for the preparation of MIPs, mainly because the experimental procedure is very
easy and a variety of monomers to interact with any kind of template are commercially available

[136]. Moreover, removal of the template is generally easy; it is usually accomplished by
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continuous extraction. In addition, MIPs prepared by the non-covalent approach show rapid

rebinding kinetics compared to those prepared by covalent approach.

An intermediate option is the semi—covalent approach. This approach combines the advantages
of both covalent and non-covalent approaches. In the semi—covalent approach, a covalent
template molecule is employed in the polymerization process but binding is entirely non-
covalent in nature [120]. This process can be carried out in any solvent and is characterized by
rapid re—binding kinetics. However, template removal from the polymer matrix can be a bottle
neck; leading to low recovery of the templates and few of binding sites. The work reported in

this thesis employed the non—covalent imprinting approach.
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Figure 2.2.1: Schematic representation of a molecular imprinting process following the non-covalent. (1) The
functional monomers are arranged around the template molecule as a result of the interactions between
complementary chemical functionalities to form monomer-template complex. (2) Polymerization in the
presence of a cross-linker fixes the monomer-template complex to form a template-defined recognition site.
(3) Removal of the template molecule by extraction exposes the recognition site selective to the original
template. (4) Recognition of the template during rebinding experiments.
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2.2.2 Formation of the imprinted polymer structure

Polymerization reactions are known to be a very complex processes, which could be affected by
a number of factors, such as type and concentration of the functional monomer, cross—linker and
initiator, temperature and time of polymerization. In order to ensure a high level of molecular
recognition, it is essential to have a good understanding of the chemical equilibrium, molecular
recognition theory, thermodynamics and polymer chemistry. Thus, in order to prepare a MIP
with perfect properties, numerous factors should be optimized, making the design and
preparation of MIPs a time—consuming process. Fortunately, in some instances it is possible to
rationally predict how changing any one such variable, for example, the ratio of the cross—linker
is likely to impact these properties [137-140]. The selection of appropriate reagents is a crucial

step during the molecular imprinting process.

2.2.2.1 Template (target analyte)

Generally, template molecules are target molecules in analytical processes. In all molecular
imprinting processes, the template molecule is of central importance as it directs the arrangement
of the functional groups pendent to the functional monomers in all molecular imprinting
processes. An ideal template ought to gratify the following three questions: (1) does the template
contain groups involved in or preventing polymerization? (2) Will the template exhibit excellent
chemical stability and withstand elevated temperatures or exposure to UV irradiation? (3) Does it

contain functional groups well adapted to assemble with function monomers? [132, 141].

In most cases, the amount of template used is high (often 1 mmol), therefore expensive templates
or those that cannot be easily prepared are often substituted by a structurally simpler analogue to
decrease the cost of the material. In non—covalent imprinting where the interactions involved are
weak, the candidate template should present multiple functional sites to increase the strength of
the template-monomer complex. In cases where a structural analogue is used as an alternative
imprinting molecule, the process is known as dummy imprinting [142]. The resultant MIP should
give rise to imprints that bind the target analyte. When a candidate template is selected, the
choice of functional monomers to strongly bond it before polymerization is crucial. The strength

of the interactions and the arrangement of the functional groups influence the binding properties

21| Page



of the obtained polymer [143]. The template and structurally interfering molecules used in the

thesis are shown in Fig. 2.2.2.1.
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Figure 2.2.2.1: Structure of dopamine and the interfering molecules.

2.2.2.2 Monomers

The role of the monomer is to provide functional groups that can form a complex with the
template by covalent or non—covalent interactions. The strength of the interactions between the
template and the functional monomer affects the affinity of the MIPs, and determines the
accuracy and selectivity of the recognition sites [144, 145]. Stronger interactions lead to more
stable polymer complexes, resulting in higher binding capacity of the MIPs. It is therefore
important to select the most suitable monomer. Since non—covalent interactions between the
functional monomers and the templates are usually too weak (hydrogen bonding, Van de Waal
forces and hydrophobic effects) for stable complexes to be formed; a large excess functional
monomer relative to the number of moles of the template may be required to favour the
formation of the template-monomer complex. This may result in the functional monomers being

spread widely throughout the resulting polymer, rather than being restricted principally to the
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binding site, thus increasing the degree of non—specific binding sites. Therefore, in order to gain
high imprinting efficiency, the molar ratio of templates to functional monomer should be
optimized. The most commonly used monomer in non-covalent molecular imprinting is
methacrylic acid. This is because it can act as a hydrogen—bond donor and acceptor, and showing
good suitability for ionic interactions [146-149]. Other functional monomers that have been

reported in literature to give stable polymer complexes are listed in Fig. 2.2.2.2.
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Figure 2.2.2.2: Structures of commonly used functional monomers in non-covalent molecular
imprinting.
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2.2.2.3 Cross-linkers

The role of the cross-linker is to affix the functional groups of the functional monomer, holding
them in place after the template is removed thereby forming a highly cross—linked rigid polymer.
The cross—linker has three major roles in an imprinted polymer: firstly, the cross-linker controls
the morphology of the polymer matrix, whether it is gel-type, macroporous or a microgel
powder. Secondly, it serves to stabilize the imprinted binding site. Finally, it imparts mechanical
stability to the polymer matrix [126]. The kind and quantity of cross—linkers have profound
influences on selectivity and binding capacity of the MIPs. When very small quantities are being
used, the resulting MIPs cannot maintain stable cavity configurations due to the low degree of
cross—linking. However, high quantities of cross—linkers can make accessibility to binding sites
difficult and impossible to remove the template or for the binding sites to be used at all. The
challenge can be minimized by selecting the appropriate cross—linker and optimization of the
ratios. For easy accessibility of binding sites, porous cross—linkers or ones that can be broken
into small pieces (pulverized) are normally used. The most commonly used cross—linker in non—
covalent imprinting is ethylene glycol dimethacrylate (EGDMA). Other cross—linkers such as
trimethylolpropane trimethacrylate, N,N-methylenebisacrylamide (MBAA) and divinylbenzene,
have also been utilized producing MIPs of higher capacity and selectivity. Their structures are
depicted in Fig. 2.2.2.3.
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Figure 2.2.2.3: Structures of commonly used cross-linkers in non-covalent imprinting.
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2.2.2.4 Porogenic solvents

The role of a porogenic solvent during polymerization is to dissolve other polymerization
reagents (template, functional monomer and the initiator) and to create the pore structure of the
imprinted polymer. Thus, the choice of the solvent is often determined by the solubility of the
template molecule, initiator, functional monomer and cross—linker [150]. In non-covalent
interactions, the porogenic solvent also influences the bonding strength between functional
monomers and templates, the property and morphology of the polymer. Most MIPs rely on
hydrogen bonding and electrostatic interactions. As a result, in non-covalent molecular
imprinting aprotic and low polarity solvents are normally used to reduce the interferences during
the formation of template-monomer complex, and to obtain efficient imprinting. However, it
must be noted that in some cases sufficiently strong template—monomer interactions have been

observed in rather polar solvents (e.g. methanol/water) [132].

2.2.2.5 Initiators

To date, free radical polymerization is the most commonly used method to convert monomers to
polymers. Various mechanical initiators with different chemical properties can be used as the
radical source. The initiation process can be triggered and controlled by heat, light and by
chemical or electrochemical means, depending upon the structural nature of the initiator [151].

Structures of common initiators are depicted in Fig. 2.2.2.5.
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Figure 2.2.2.5: Structures of commonly used initiators.

2.2.3 Synthesis methods of MIPs

2.2.3.1 Bulk polymerization

The conventional method for synthesis of MIPs is by bulk polymerization, resulting in monolith
macroporous materials. The monolith materials are crushed, ground and sieved to give particles
of appropriate size ranges, with diameters usually in the pum range. This method is by far the
most popular to prepare MIPs owing to its attractive properties such as, rapidity and simplicity in
its practical execution, it does not require sophisticated or expensive instrumentation and
particular operator skills. Moreover, the MIPs that are produced are normally pure. However, the
bulk polymerization method presents many limitations. The grounding and sieving process can
be time—consuming, the subsequent sedimentation process for the removal of fine particles
resulting in a considerable loss of the polymer (only 30-40% of the polymer recover as usable

material). Furthermore, the MIP particles obtained are irregular in shape, size and some binding
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sites are destroyed during grounding. Bulk polymerization yields heterogeneous binding sites,

and thus not ideal for some applications such as chromatography.

In order to overcome the challenges associated with the bulk polymerization approach, a variety
of methods have been developed, including multi-step swelling polymerization, suspension

polymerization, precipitation polymerization and surface imprinting.

2.2.3.2 Multi-step swelling polymerization

The multi-step swelling polymerization method is readily used to prepare mono—dispersed MIPs
and to perform in situ modification [152]. The method is based on the swelling of uniformly
sized particles to control the size distribution and the shape of the MIP particles more efficiently.
Employing this approach, material lost in the form of small particles associated with bulk
polymerization method is minimized [143]. The multi-swelling polymerization method was
successfully employed to prepare uniform spherical particles [153, 154]. Although particles
obtained using the multi—step swelling polymerization technique are well suited for
chromatographic applications and are of controlled diameter, the procedures and reaction
conditions for preparation are complicated and time-consuming. In addition, the use of aqueous
suspensions in the multi-step swelling polymerization process as a continuous phase could

interfere with the interactions between template molecules and functional monomers.

2.2.3.3 Suspension polymerization

Suspension polymerization is a heterogeneous radical polymerization process that utilizes
mechanical agitation to mix a monomer or a mixture of monomers in a liquid phase while the
monomers polymerize, forming sphere of polymer. Suspension polymerization is a rather simple
method for preparation of MIPs. It produces spherical beads in a broad size range starting at a
few pm and reaching up to a few hundred mm in diameter without the use of any mechanical
grinding [155]. Traditionally, water is used as a continuous phase to suspend a droplet of pre-
polymerization mixtures in the presence of a stabilizer or surfactant [156]. The use of water as a

continuous phase normally introduces some interferences and may have unfavourable effect on
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the non-covalent template-monomer complex. Consequently, the MIP microspheres may
display poor recognition. To address the interference challenge faced by the multi—step swelling
method, suspension polymerization in perfluorocarbons solvents has been studied. Using the
suspension polymerization method in perfluorocarbons, regular molecularly imprinted
microspheres were obtained. The polymer microspheres showed excellent chromatographic
performance and good selectivity even at high flow rates. However, the specialized fluorocarbon

solvent limits applicability and practicality of the method [126].

2.2.3.4 Precipitation polymerization

In order to obtain particles that are in the submicron range (0.3-10 um), precipitation
polymerization method could also be used. The method is based on the precipitation of the
polymeric chains out of the solvent in the form of particles as they grow more and more
insoluble in an organic continuous medium. The growing polymer chains do not coalesce due to
the rigidity achieved from the cross—linking of the polymer, so an extra stabilizer is not required
[157, 158]. When an adequate match between the solubility parameters of the polymer to be
developed and the polarity of the porogen, the resulting polymer will have permanent pore
structures and highly uniform particles sizes [159]. In precipitation polymerization, large
quantities of solvents (> 95%, wt) are used compared to bulk polymerization.

2.2.3.5 In situ polymerization

The in situ polymerization approach bears advantages of both molecular imprinting technique
and monolithic columns [160]. The procedure involves a one-step free—radical polymerization
process directly within a chromatographic column without the tedious procedures of grinding,
sieving, and column packing. After in situ polymerization, the monolith MIP is expected to
advance separation and enable direct analysis with high—speed and high performance. The in situ
polymerization method is simple and quick (the MIP monolith is prepared within 3 h) compared
with the procedures described previously. The success of the synthesis relies on the presence of
macropores to provide good flow—through properties and on the simultaneous generation of the

selective binding sites [143].

30|Page



The in situ polymerization technique was first used by Matsui et al. [161] for the preparation of
molecularly imprinted monolith. The template, functional monomer, cross—linker and initiator
were dissolved in a mixture of porogenic solvents (cyclohexanol and 1-dodecanol) and the
mixture was degassed and poured into a stainless steel column. The template and porogenic
solvent were removed by exhaustive washing with methanol-acetic acid. The in
situpolymerization technique has attracted significant interest due to its ease of preparation, high
reproducibility, high selectivity and sensitivity, and rapid mass transport. Moreover, the
synthesis of this type of MIP is more cost effective, because of the lower quantity of the template
required. In addition, their greater porosity, and hence good permeability, and high surface area
are well suited for both small molecules and large biomolecules [162].

The work reported in this thesis followed the bulk polymerization method.

2.2.4 Template removal

Extraction methods such as liquid-liquid extraction, supercritical fluid extraction, pressurized
liquid extraction, microwave assisted extraction, solid-phase extraction and Soxhlet extraction
are normally used for the removal of the template molecule from the polymer matrix. In this
thesis, the Soxhlet extraction technique was adopted (see section 2.2.4.1).

2.2.4.1 Soxhlet extraction

The equipment used during Soxhlet extraction (the Soxhlet extractor) (Fig. 2.2.4.1), was
originally designed to separate liquids from solid materials by Franz von Soxhlet in 1879 [163].
Since then, it has found applications in many areas where complete extraction of the analyte of
interest out of the residual matrix was necessary. Saim et al employed the Soxhlet extraction
technique to extract polycyclic aromatic hydrocarbons from soil [164]. It has also been used for
analysis of heterocyclic aromatic amines in food [165]. The Soxhlet extraction process is quite
slow (up to 24 — 48 h of extraction) but it results in complete/total recoveries and numerous
extraction possibilities [166]. The Soxhlet equipment stimulated a great deal of interest because

lengthy extractions could be performed unmonitored.
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Figure 2.2.4.1: The conventional Soxhlet extractor [167].

2.2.5 Application of MIPs

The application of MIPs has become increasingly attractive in various fields of biology,
chemistry and engineering, particularly as selective sorbents for SPE [168, 169],
chromatographic separation [170], artificial antibodies [171] and sensor components [172]. Of

interest in this thesis was the application of MIPs as sensor materials.

Due to the remarkable specificity associated with MIPs, the molecular imprinting technique has
been incorporated in various analytical methods to design sensors that are selective and sensitive
towards various analytes. In one study, Du et al. [173] utilized CL and molecular imprinting for
the detection of epinephrine. After re—binding of epinephrine, luminal and potassium

ferricyanide (CL reagents) were flowed passed through the polymer packed into a capillary.
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Epinephrine binding to the polymer would produce a strong concentration dependent CL signal.
Employing such a set-up, the authors obtained an LOD of 0.2 nM. There are many other studies

based on the combination of CL and molecular imprinting [174, 175].

The incorporation of fluorescent components within MIP structures has also been intensely
studied [176-179]. Wang and co-workers [180, 181] reported the imprinting of D—fructose
employing a fluorescent anthracene—boronic acid conjugate bearing a methacrylate moiety.
Boronic acid is known to bind molecules with a cis—diol structure; however its inclusion in the
MIP enabled high selectivity towards D—fructose when compared to other analogues such as D—
glucose or D-mannose. Claude and colleagues [182] reported on the analysis of urinary
neurotransmitters by capillary electrophoresis CE. They showed that using field—amplified
sample injection and MIP SPE, sensitivity could be enhanced. In another example of the
molecular imprinting technique combined with CE, sensitive and selective determination of

enrofloxacin residue in chicken muscle was achieved [183].

While literature is rich with reports about merging the special characteristics of other various
detection techniques, there are very few reports based on the study of MIPs for colorimetric
detection; more especially those that integrate the molecular imprinting technique with metal
NPs. To date, there are less than three such studies that have been reported. Amongst the few,
Matsui and co-workers reported a MIP with immobilized 11-mercaptoundecanoic acid
stabilized AuNPs as colorimetric sensor material for detecting adrenaline [184]. The MIP was
utilized as both a solid support and for selectivity. The method is based on the swelling of the

MIP during analyte rebinding, which resulted in colour change.
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Figure 2.2.6: Schematic representation of the preparation of a MIP with immobilized AuNPs
(A) and the detection of an analyte upon selective swelling of the imprinted polymer (B) [184].

The combination of MIPs and AuNPs is still worth pursuing for colorimetric sensing
applications. However, interesting as they are, MIPs are not free of challenges. The drawbacks of
MIPs are: low capacity and poor site accessibility leading to poor performance of MIP [122].
The challenges could be overcome to some extent by adopting a nanofabrication technique
which could afford high surface area to volume ratio [127]. One such technique is

electrospinning and IS discussed in detail in section 2.3.
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2.3 Electrospinning

2.3.0 Introduction

Electrospinning is a simple and yet low cost effective technique for fabricating ultrafine
fibres with diameters ranging from several nm to several hundred nm using a high voltage
power supply [185]. There are two approaches for electrospinning, viz. needle and needleless
based. A basic needle electrospinning set-up consists of a high voltage power supply,
collector, and a needle nozzle (Fig. 2.3.1). During the electrospinning process, the high
voltage power supply provides electrostatic field to charge the surface of a polymer solution

droplet and thus to induce the ejection of liquid jet through a spinneret.

Syringe

Polymer solution Taylor cone

Spinneret

Liquid jet

High voltage
power supply

J

’ " Collector

Figure 2.3.1: A schematic representation of a typical electrospinning set—up [186].
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Ideally, the power is applied between needle and a collector; both are electrically conducting
(with opposite charges) separated at an optimum distance between the two. When the charged
species in the polymer solution interact with the external electric field, the pendant droplet
deforms into a conical structure called a Taylor cone thereby reaching a critical voltage. Once
the repulsive electrostatic force overcomes the surface tension of the droplet, a fine charged
jet of the polymer solution is ejected from the tip of the Taylor cone. The fast evaporating
solvent will cause the polymer jet to solidify to ultrafine fibres while travelling to the
collector on which they are collected [185, 187, 188].

Although simple and versatile, the needle electrospinning is not widely applied in industrial
scale the main reason being its low productivity (typically less than 0.3 g/h) [189, 190]. The
straightforward way to improve the productivity is to employ a set-up known as ‘multi—
needle electrospinning” by increasing the number of needles [191, 192]. However, the
limitation of the multi-needle electrospinning are that it require a large working space to
avoid interferences between adjacent solution jets and cleaning systems are needed for an
individual needle nozzle to ensure that clogging of the solution doesn’t happen during the

nanofibre forming process [190].

Nowadays, needleless electrospinning set—ups have been developed for large scale nanofibre
production from a compact space. In needleless electrospinning, nanofibres are electrospun
directly from an open liquid surface resulting in simultaneous formation of numerous jets
from the needless fibre generator [190, 193]. Rotating spinnerets including as balls, coils,
cylinders and cones are normally utilized in this approach (Fig. 2.3.2) [194, 195]. The main
disadvantage of the needleless electrospinning strategy is the complexity of the
electrospinning set—up. This thesis employed the needle based electrospinning approach.
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Figure 2.3.2: Schematic summery of rotating spinnerets used in needleless electrospinning
(electrospinning direction along the red arrow) [190].

The morphology, structure and property of the fibrous mats can be controlled by adjusting the
properties of the polymer solution and process parameters such as the flow-rate, solvents,
solution viscosities, applied voltage, humidity, temperature [196-198]. The factors that affect
the electrospinning process have been explored and reported extensively [199-203]. Fibres
and the non-woven webs generated through the electrospinning process have outstanding
properties, which include high porosity, large surface area to volume ratio and excellent pore
interconnectivity [185, 204]. Due to these remarkable characteristics, electrospun fibres have
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been applied in various areas such as sensors [205, 206], filtration [207, 208], dye—sensitized
solar cells [209], tissue engineering [210]. For a desired application, electrospun fibres are
normally combined with other materials. The materials include but are not limited to metal
nanoparticless (e.g. AgQNPs and AuNPs) and recognition elements (e.g. MIPS).

2.3.1 Metal nanoparticle/electrospun nanofibre composites

Preparation of metal nanoparticles dispersed in polymer fibres has recently become the
subject of intense study because the metal/polymer nanocomposite can achieve the combined
distinctive characteristics of metal nanoparticles and polymer nanofibres. Electrospun fibres
are known to immobilize metal nanoparticless without changing their properties. AgNPs
embedded in electrospun fibres have been intensely studied due to their potential applications
in biomedical research [211-214]. On the other hand, there are a number of reports about
AuNPs/electrospun composites [215-217]. These types of composites can be achieved by
electrospinning AuNPs containing solutions. In most of the circumstances, the AuNPs have
to be synthesized first and then dispersed in the polymer solution prior to electrospinning. For
example, Kim et al. [218] synthesized one-dimensional arrays of AuNPs on polyethylene
oxide nanofibres with most of the AuNPs wrapped within the fibres. Another method for
synthesizing AuNPs—containing electrospun nanofibres involves electrospinning of a mixture
of the gold salt and polymer solution followed by chemical reduction or physical treatment
[219]. For instance, Liu et al. [220] prepared in situ AuNPs on polyacrylonitrile nanofibres
for sensing applications by  first dissolving the reducing agent 4-
(dimethylamino)benzaldehyde (DMABA) in a N,N-dimethylformamide (DMF) solution of
polyacrylonitrile (PAN). Electrospinning of the polymer solution yielded DMABA/PAN
nanofibres that were subsequently exposed to a HAuCl, solution. Recently, a facile in situ
strategy for immobilizing AuNPs into electrospun polyethyleneimine/polyvinyl alcohol
nanofibre for catalytic applications was reported [221]. The authors also demonstrated that
the AuNPs—containing nanofibres displayed an excellent catalytic activity and reusability for
the transformation of 4—nitrophenol to 4—aminophenol. Due to the remarkable properties of
AuNPs/electrospun nanofibres, preparation of the composites for various applications is
expected to be the focus of study by many researchers. An example of a scheme for a
procedure that could be used to synthesize metal nanopartcle/ electrospun nanofibre

composite is shown in Fig. 2.3.1.
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Figure 2.3.1: Schematic diagram for the preparation of polymer nanofibres containing
silver nanoparticles by the electrospinning technique [222].

2.3.2 MIP/electrospun nanofibre composites

The electrospinning technique can be employed to overcome some of the challenges faced by
traditional MIP particles thereby providing large surface area, and making more binding sites
on the surface of the nanofibre (since the nanofibre is one—dimensional), thus improve the
performance of the MIPs. There are two well-known strategies for producing
MIP/electrospun nanofibre composites that have been reported. In one approach, a spinnable
polymer is mixed with all the MIP reagents and electrospun under optimum conditions. An
example of this technique was demonstrated by Chronakis et al. [188]. The second approach
involves blending a suspension of already made MIP particles with a spinnable polymer
solution, the mixture is stirred to form a homogenous solution which is then electrospun
[122]. The MIP particles can be readily encapsulated, and the composite materials that is
obtained will display well-controlled distribution of macro or nano particles along the fibrous
structure [129]. Chronakis et al. [223] utilized this approach to fabricate a composite
MIP/nanofibre for the analysis of theophylline and 174—estradiol. Depending on the size and
method of synthesis of the MIP particles, scanning electron microscopy (SEM)
characterization may show no difference between the electrospun fibres with the non—
imprinted polymers (NIPs) and MIPs or any evidence of particles inside the nanofibres more

especially if the embedded particles are too small (Fig. 2.3.2.1). On the other hand, for bigger
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particles encapsulated within very thin nanofibres the morphology will be rough revealing

some of the particles on the surface (Fig. 2.3.2.2).
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Figure 2.3.2.1: SEM images of electrospun molecularly imprinted microsphere (left) and
non-imprinted microspheres (right) [224].

Figure 2.3.2.2: SEM image of electrospun nanofibre composite membrane containing

molecularly imprinted nanoparticles [225].

2.3.3 Composite MIP/AuNP/electrospun nanofibres

As already shown in the previous sections (2.3.1 and 2.3.2), there are many reports on
composite AuNPs/electrospun fibres and MIPs/electrospun fibres. But few or none have
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combined the outstanding properties of MIPs, AuNPs and electrospun fibres. This thesis will
discuss the investigations conducted on the applicability of the combined properties of these
remarkable materials for sensing purposes. Herein the electrospun fibres are mainly utilized
as solid support for both the AuNPs and the MIP particles.
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Chapter 3: Experimental

3.1 Reagents and materials

Chemical name

Purity/concentration

Supplier

Gold (1) chloride hydrate(HAuCl4sxH,0) {99.999 % Sigma-Aldrich, USA

Sodium borohydride (NaBH,) 98.0% Sigma-Aldrich, USA

Sodium acetate tri-hydrate (C,HsNaOs) >99.0% Sigma-Aldrich, USA

Dopamine hydrochloride (DA, CgHi;NO,* |99.95% Sigma-Aldrich, USA
HCI)

Uric acid (UA, CsH;N,403) 99.0% Sigma-Aldrich, USA

Ascorbic acid (AA, CeHgOg) 99.0% Sigma-Aldrich, USA

Nylon-6 (N6, CsH1:NO)n)

1,084 gmL " at 25 °C

Sigma-Aldrich, USA

Methacrylic acid (MAA)

98.0%

Sigma-Aldrich, USA

Ethylene glycol dimethacrylate (EGDMA)

98.0%

Sigma-Aldrich, USA

Methanol (CH;OH)

Analytical grade

Merck Chemicals, South
Africa
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Azobis(isobutyronitrile) (AIBN)

98.0%, refrigerated at 4°C

Sigma-Aldrich, South Africa

(-)-epinephrine (EPI, 4,5-B-trihydroxy-N-
methylphenethylamine)

MW: 183.20 g mol *,
stored at 2-8 °C

Sigma-Aldrich, China

(-)-norepinephrine (NORE, 4,5-B-trihydroxy

phenethylamine

>98%, crystalline

Sigma-Aldrich, USA

Catechol (CAT, 3,4-dihydroxy-L-
phenylalanine)

MW: 197.19 gmol ™

Sigma-Aldrich, China

Tri-sodium citrate dihydrate (NasCsHsO;)  [>99.0% Sigma-Aldrich, USA

3-mercaptopropionic acid (CsHgO,S) >99.0% Sigma-Aldrich, USA

Mercaptosuccinic acid (C4HgO,4S) 97.0% Sigma-Aldrich, USA

DL-Tyrosine (CoH1,NO3) 99.0% Sigma-Aldrich, Japan

Acetic acid (CH;CO,H) 99.5% B & M Scientific CC, South
Africa

Hydrochloric acid (HCI) 32.0% B & M Scientific CC, South
Africa

Nitric acid (HNO3) 55.0% B & M Scientific CC, South
Africa

Formic acid (HCO,H) 85.0% Minema, South Africa
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Sodium dihydrogen phosphate (NaH,PO,) May & Baker, Dagenham,
England

Sodium hydroxide (NaOH) Merck Chemicals (Pty) Ltd,
South Africa

(+) Glucose Anhydrous (CgH120s) Merck Chemicals (Pty) Ltd,
South Africa

B-Cyclodextrin >97.0% Sigma-Aldrich, USA

The whole blood samples were purchased from Seronorm (Billingstad, Norway) and was
kept in a freezer (bellow -4 °C). All chemicals were of analytical grade and used as received.
All the glassware and magnetic stirrer bar used were washed with freshly prepared aqua regia
(1:3 HNOg3: HCI) and rinsed thoroughly with water before use.

Ultrapure water obtained from a Millipore RiOS™ 16 and Milli-Q Academic® A10 system
(Milford, MA, USA) was used throughout the study.

3.2 Instrumentation

3.2.1 UV-vis spectroscopy

Absorbance measurements were performed using a Lambda 25 Perkin—-Elmer UV

spectrophotometer in 1 cm quarts cuvettes (Santa Clara, CA, USA).

3.2.2 Transmission electron microscopy

For the aqueous studies, the morphologies of the AuNPs were characterized using either The
FEI Tecnai F20 which is a 200 kV field emission gun (FEG) high resolution Cryo-TEM
(HRTEM) or a Zeiss Libra® 120 Plus energy filter transmission electron microscope

(Germany) with a megaview iTEM camera.
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3.2.3 Scanning electron microscopy

Samples were prepared for high resolution electron microscopy by carbon coating them using
a Blazer’s “Sputtering device” prior analysis. The analysis was conducted using JOEL JSM-
700IF high resolution SEM. Elemental analysis of samples using energy dispersive
spectroscopy (EDS) was determined by using the same procedure as for SEM analysis,

except that no sample surface coating was needed.

3.2.4 Standard test sieves and Fourier transform infrared (FTIR)

spectroscopy

After grinding the MIP/NIP monoliths, Standard Test sieves by Retsch GmbH & Co.,
(Haan,Germany) combined with sedimentation were employed to collect polymer particles of
anaverage size of < 45 um by screen analysis. A Perkin—-Elmer 100 spectrum FTIR
spectrophotometer (4000—650 cm ™) was used to confirm the removal of the template (DA)
and the generation of recognition sites (Santa Clara, CA, USA). Photographs of the
electrospun fibres before and after analytes were taken with a Samsung ES30 camera with

12.2 mega pixels (China).

3.2.5 X-ray photoelectron spectroscopy (XPS)

X-ray spectroscopy (XPS) measurements were conducted with a Kratos Axis Ultra X-ray
Photoelectron Spectrometer equipped with a monochromatic Al source Ka source (1486.6
eV) to generate the X—rays. The base pressure of the system was below 3 x 10°° torr. XPS
survey scans were recorded using a 75 W, a hybrid lens acquisition in slot mode at 160 eV
pass energy and 500 ms dwell time. XPS data analysis was performed with Kratos Version 2

program.
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3.2.6 ImageJ

The Gel analysis method was used. The image of the nanofibres (probe) that had been
exposed to DA was first converted to grey scale by converting the image type to 8-bit. The
rectangular selection was used and the arrow keys were utilized to move the box drawn on
the first nanofibre (0 M DA) to all other fibres (5 x 10° — 5 x10 2 M) to ensure that the area
selected from each nanofibre is the same. The version of ImageJ that was used is ImagelJ
1.429 on a Windows 7 64-bit install.

3.3 Experimental procedures

3.3.1 Synthesis of the colloidal AuNPs probe

The un—functionalized gold nanoparticles (UF-AuUNPSs) were prepared by dissolving 39 mg
of HAuUCI4xH,O in 10 mL of water. NaBH, (0.3 mg) was added in solid form under

vigorous stirring. The solution was constantly stirred for 30 min at room temperature.

Tri-sodium citrate dihydrate (TSC), 3-mercaptopropionic acid (3-MCA) and
mercaptosuccinic acid (MSA) stabilized AuNPs were prepared following the procedure for
the synthesis of UF-AuUNPs. The stabilizing agents were added before the addition of NaBH,.
The ratio of the HAuCI, « xH,0 to stabilizing agent was 12:1.

3.3.1.1 Evaluation of the four AuNP solutions (UF-AuNPs, TSC, MCA and

MSA stabilized AuNPs) as colorimetric probe

Approximately 100 pL of the four AuNP solutions was reacted with 5 mL of AA, UA (2.1 x
10*M) and DA (1.9 x 10 M) separately. The standard solutions were prepared in water.
Absorbance spectra were recorded over a range of 400 — 700 nm.

3.3.1.2 Evaluation of the contribution of the gold salt (HAuCl, * xH,O0)

The gold salt solution was prepared by dissolving 39 mg of HAuUCI, « xH,O in 10 mL of

water. 50 pL of the salt solution was reacted with 5 mL of various concentrations (0, 5 x10°,
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5 x10™*, 5 x10°® and 5 x10 M) of DA. Absorbance spectra were recorded over the range of

270 — 700 nm. Photographs of the solutions were taken.

3.3.1.3 Detection of DA employing the UF-AuNPs

Various concentrations of DA (0.005 mM — 2.5 M) were selected randomly and prepared in
water. 100 pL of the AuNPs solution was added to 5 mL of the DA solutions. The solutions
that resulted from the reaction of the UF-AuNPs and the DA were transferred to a 1 cm path-
length quarts cuvette to record the absorption spectra over the wavelength range of 270 — 700

nm.

3.3.1.4 Selectivity studies

AA and UA (each 0.125 M), DA (0.05 M) and mixtures of AA, UA and DA were prepared.
Then the procedure in section 3.3.1.3 (addition of AuNPs) was followed to investigate the

selectivity of the probe towards DA.

3.3.1.5 Optimization of pH

For the pH studies, two types of buffer solutions (acetate and phosphate) were used to adjust
the pH of the solutions. The acetate buffer was prepared by mixing 10 mM of sodium acetate
tri-hydrate and 10 mM acetic acid, and this was used for pH 2 — 6, whilst the phosphate
buffer prepared by mixing 10 mM sodium dihydrogen phosphate and 10 mM of sodium
hydroxide was used for pH 7 — 11. DA (5 uM) was used as a representative for the study and

the profile of the absorbance ratio (Asgs/Asos) Was plotted against pH.

3.3.1.6 Detection of DA under controlled conditions

Firstly, 1 mL of the buffer solution (phosphate buffer pH 8) was added to 50 uL of the UF—
AuNPs. Then 4 mL of various concentrations of DA solutions (5 nM — 50 mM) were added
to the mixture. The solutions were incubated at room temperature (25 £ 2 °C) for 2 min

before the absorbance was measured at 308 and 388 nm.
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3.3.1.7 Colorimetric detection of DA in whole blood sample

The sample was diluted 100 times with phosphate buffer (pH 8) before analysis, and no other
pre—treatment was required. Particularly, 3 mL of 5 uM and 50 uM DA was added to 2 mL of
the sample solution and subsequently, 50 puL of the UF-AuNPs was added. Absorption

spectra were recorded after incubation at room temperature as before, for 2 min.

3.3.2 Preparation of MIPs and NIPs

MIP particles were prepared using a protocol published by Lulinski and co-workers [226].
Briefly, the template dopamine hydrochloride (0.33 mmol), MAA (monomer) (2.64 mmol,
0.224 mL), EDGMA (cross-linker) (20 mmol, 3.768 mL) and AIBN (initiator) (0.396 mmol)
were mixed with a solution of methanol (3.67 mL) and water (0.53 mL). The mixture was
stirred then purged with nitrogen for 15 min, and polymerized by heating at 60 °C for 24 h.
The procedure for NIPs was the same as for MIPs, but with the exclusion of the template.

3.3.2.1 Template removal

After polymerization, the template was removed from the polymer complex firstly by Soxhlet
extraction for 24 h with methanol — water (80 mL, 1:1 v/v). The polymer monolith was then
ground and manually sieved. For optimal removal of the template a stationary extraction
method was used, where the MIP particles were washed using a solvent mixture of 80%
methanol and 20% acetic acid (v/v) (5 x extractions: shaking time 10 min each), the particles

were then dried in oven at atmospheric pressure and at a temperature of 50 °C.

3.3.2.2 Preparation of the MIP/AuNPs/electrospun N6 nanofibre composite

(MIP + AuNPs + N6)

The prepared MIP or NIP particles (0.5 g) were suspended in a mixture of formic acid and
acetic acid (1:1). Then N6 was added to make a 16wt% solution. The mixture was stirred
over night for complete dissolution of the polymer. Approximately 0.115 mmol of
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HAuUCI4xH,0O was dissolved in the polymer solution and vigorously stirred for 15 min at
room temperature. The resulting solution was yellow in colour. On addition of 0.00793 mmol
of NaBH, (reducing agent), the solution turned black for a few seconds then wine red. After

stirring for 2 min the solution gradually became purple.

3.3.2.3 Electrospinning

The purple solution was electrospun at an optimal voltage of 25 kV (other voltages used are
15 kV and 20 kV) and a flow rate of 0.5 ml/h controlled using a syringe pump. The
continuous N6 fibres were collected on a stationary collector covered with an aluminium foil.

The distance from the tip of the spinneret to the collector was 10 cm.

3.3.2.4 Colorimetric analysis of the fibres

Three solutions were prepared in ultrapure water, each containing AA (2.1 x 10 M), UA
(2.1 x 10* M) and DA (1.9 x 10* M). Then portions of the composite MIP (NIP) + UF—
AuUNPs + N6 nanofibre mats were cut and dipped in 2 mL of these solutions and colour

changes were monitored with the naked eye.

3.3.3 Preparation of the AuNPs/electrospun N6 nanofibre and the

N6/HAuUCI, nanofibre composites

The procedures in 3.3.2.2 and 3.3.2.3 were followed to fabricate the UF—AuUNPSs/ electrospun
N6 nanofibre composite (UF—AuUNPs + NG6) except for that the MIPs were excluded.
Employing the same procedures, TSC-AuNPs; 3-MCA-AuNPs and MSA-AuUNPs/
electrospun N6 nanofibre composites were synthesized. The fibre mats were evaluated as
solid state colorimetric probes by introducing them to 2 mL of AA, UA (both 2.1 x 10* M)
and DA (1.9 x 107 M).

Before electrospinning, the polymer solutions were evaluated as liquid state colorimetric

probes by reacting approximately 100 pL of the polymer solutions with 5 mL of AA, UA (2.1
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x 10*M) and DA (1.8 x 10* M) in formic acid. Absorbance spectra were recorded over a
range of 400 —700 nm.

The HAuCI, + N6 nanofibres was prepared by mixing already dissolved N6 as per in 3.3.2.2.
About 0.115 mmol of HAuCI, « xH,0O was then added to the polymer solution and vigorously
stirred at room temperature until the salt dissolved completely. The colour of the composite
solution was yellow and resulted into a white coloured nanofibre mat after electrospinning
under the conditions explained in section 3.3.2.3 with a distance between the tip of the
spinneret and the collector set at 12 cm. Parts of the as prepared nanofibre was put in various
concentrations of AA (5 x 107 — 5 x 102 M) and DA (5 x 10° — 5 x 102 M) and
photographs were taken.

3.3.3.1 Analysis of the UF-AuUNPs + N6 nanofibres using TEM

The morphologies of the UF-AuNPs + N6 composite collected on carbon—coated copper
grids were observed on a transmission electron microscopy (TEM). The analyte was
introduced by spiking a small amount of 5 x10> M DA on the fibres that were already on the

copper grid. The sample was allowed to dry and then analysed.

3.3.3.2 Detection of DA employing the AuNPs + N6nanofibres at pH 7.4

Portions of the UF-AuNPs + N6 nanofibre mat were cut and introduced to 2 mL of the
interfering species (AA, UA, EPI, NORE and CAT, 50 uM and 5 uM DA. Photographs of

the fibres were taken within 5 min.

3.3.3.3 Solid state colorimetric detection of DA in whole blood sample

Parts of the UF-AuUNPs + N6 nanofibre mat were dipped to 2 mL of the untreated blood
sample before and after spiking 5 uM and 50 uM DA. After 5 min, the fibres were removed
from the samples and washed with water until there was no blood coming out of them. The
fibres were also put in approximately 5 mL of water in centrifuge tubes then centrifuged for 5
min at 2000 rpm to remove any excess blood, and then photographs were taken.
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3.3.4 Optimization of the reagents for the preparation of the UF—AuUNPs +

N6 probe

N6 was first dissolved then the gold salt was added at the required quantity in terms of the
concentration ratios of 1:1, 1:3, 3:1, 1:5 and 5:1 (gold salt: NaBH,). For each a slight change
in colour from a clear solution to a pale yellow was observed. NaBH, was then added for the
reduction of the gold ions in quantities representative of the given ratios. A colour change to
purple was observed. The intensity of the purple colour increased with an increase in NaBH,
concentration. The solution mixtures were electrospun under optimal conditions (see section
3.3.2.3).

3.3.4.1Introduction to Analytes

Several concentrations of DA (5 x 10/, 5x 10° 5x 10° 5% 10* 5 x 10 and 5 x 102 M)
were prepared. Each solution of DA (2 mL) was put into vials. The different probes were cut
into small pieces and introduced into these solutions to detect DA based on colour change of
the probes. For each probe 2 mL of Millipore water was placed into a vial to be used as the
reference of the experiment. This step was repeated for AA.

Stock solutions of epinephrine, norepinephrine, glucose anhydrous and tyrosine were
prepared, each at a concentration of 5 x 10° M. The probes used to test these analytes were
the ones fabricated using 5:1 and 1:5 concentration ratios of gold salt: NaBH,. Colour change

was monitored with a naked eye and images taken.

3.3.5 Optimization and preparation of the p—cyclodextrin—~AuNPs + N6

nanofibre composite probe

Two methods namely the in situ and ex situ were employed to fabricate the composite probes.
Firstly, it was necessary to investigate the order of addition of the reagents. For this
investigation, two procedures were followed. The first procedure involved dissolving N6
(1.08 g) first followed by addition of B—cyclodextrin (B—CD) (1.08 g) which was also allowed

to dissolve and the solution was electrospun. The second procedure involved dissolving of p—
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CD first in a 1:1 mixture of acetic acid and formic acid (in 5 mL) then the addition of N6

followed by electrospinning.

3.3.5.1 In situ method

The second procedure was adopted for the in situ synthesis of the p—CD-AuNPs + N6
composite probe. Briefly, after the dissolution of the N6 on the same protocol, gold salt (39
mg) was added to the mixture and the solution was stirred until the salt dissolve. NaBH4
(approximately 0.3 mg) was introduced to the solution for the reduction of the gold ions. All

the prepared solutions were electrospun under the conditions in section 3.3.2.3.

3.3.5.2 Ex situ method

Preparation of the p—cyclodextrin stabilized AuUNPs

For the successful preparation of the nanoparticles, f—CD (0.0396 g) was dissolved in 5 mL
deionized water and stirred for 15 min to form a clear solution of p—CD. Thereafter, 40 pL of
the gold salt solution, HAuUCI; (15 mM) was added with further stirring until solution was
homogenous. It was followed by addition of 50 ul of NaOH (1 M), which activated the
reduction capacity of the p—CD solution. The solution obtained was heated at 60 °C in a
waterbath for 20 min, and a purple coloured solution was observed confirming the complete
formation of nanoparticles. The nanoparticles obtained were further purified by dilution and

centrifugation with deionized water.

For the ex situ method, N6 was dissolved following the above mentioned procedure. Pre—
synthesized B—CD stabilized AuNPs (B—CD-AuNPs) were then added to the polymer

solution, stirred for 15 min then the mixture was electrospun.

Pieces of the nanofibre with the in situ prepared p~CD—AuNPs were introduced to 5 x 10 ® M
of EPI, NORE, CAT, DA, UA and AA. Images of the nanofibres were taken after 10 and 20

min exposure to the analytes.
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Chapter 4: Results and discussions

4.1 Preliminary evaluation of the AuNPs as colorimetric probe

The un—functionalized gold nanoparticles (UF-AuUNPSs) (Fig. 4.1A) were green in colour and
were stable against aggregation for more than 3 months (stored in a cupboard or in the
refrigerator at 4 °C in the dark). The stability was attributed to excess AuCl,  and AuCl,
ions that were bound to the surface of the gold nanoparticles in the solution during the
reduction of AuCl, [227]. The UF—-AuNPs solution showed no absorption peak in the range
400-700 nm, and no significant change was observed either on the absorption spectrum or
colour in a solution of UA. Conversely, when the nanoparticles were added to AA and DA a
bright pink and orange colour were observed for the two analytes, respectively.

Other nanoparticles were prepared using stabilizers (tri-sodium citrate, 3—-mercaptopropionic

acid and mercaptosuccinic acid) to find the ones that will be suitable for our studies.

The tri-sodium citrate stabilized AuNPs (TSC-AuNPs) (Fig. 4.1B) solution was pale yellow
in colour. When the solution was introduced to UA, the colour and spectrum remained similar
to that of the control (the control was made of 100 pL of the nanoparticle solution and 5 mL
of water). However, colour and spectral change were observed when the TSC-AuUNPs were
added to DA and AA. The DA + TSC-AuNPs solution was purple with a broad peak around
550 nm whilst the AA + TSC-AuNPs solution was reddish—purple and the absorption
maxima was at 520 nm. Although the TSC—-AuNPs showed potential for the detection of both
AA and DA, the nanoparticles were stable for less than a week and the colours were too faint.

The 3-mercaptopropionic capped AuNPs (3-MCA-AuUNPs) (Fig. 4.1C) was white in colour
and showed no response in any of the analytes. The solution seemed homogenous for few
hours after that two layers were observed, this was ascribed to the known tendency of short
chain alkanethiolates to form disordered structures. A clear solution on top and a cloudy or
precipitate formed at the bottom of the vial in which they were kept (not shown). Hence the

nanoparticles could not be used for further studies.
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In contrast to the other three AuNP solutions that were prepared, the mercaptosuccinic acid
capped AuNPs solution (MSA-AUNPSs) (Fig. 4.1D) had the typical colour (wine—red) and
absorption peak for AuNPs around 500 nm. However, no colour change or significant

spectral shifts were observed when the nanoparticles were introduced to the analytes.
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Figure 4.1: Photographs and absorbance spectra of (A)- UF-AuUNPs, (B)- TSC-AuNPs,
(C)- 3-MCA-AuUNPs and (D)- MSA-AuUNPs in AA, UA and DA.

The contribution of the HAuUCI, in the probe was investigated in order to find out if it was
necessary to reduce the gold salt or use it as it was for the detection of DA. To achieve this, a
solution of the gold salt was prepared and added to various concentrations of DA. The results
are shown in Fig. 4.2. Different colours were observed instead of increasing intensity of the
same colour with increasing concentration of DA. The pink colour of the 5 x10 > M DA was
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also observed in AA (Fig. 4.1A), presenting a potential for interference hence it was
concluded that in order for the probe to be selective to DA, the gold salt had to be reduced to
form the green AuNPs. Based on these results, the UF-AuNPs were chosen as the liquid state

colorimetric probe and for further analysis.

Figure 4.2: A photograph showing colours that were obtained when 5 x10~°, 5 x10™, 5 x10~
¥ 5x1072 M DA were mixed with 50 pL of the gold salt solution.

4.1.1 Visual and spectroscopic characteristics of dopamine

Fig. 4.1.1A shows the colours of the solutions of different concentrations of DA that resulted
from reacting with 100 puL of the AuNPs. The 0 M solution (pale green) was used as a
control. Colour changes from pale green to pale orange (0.5 mM), orange (5 mM), dark
orange (0.05 M), wine—red (0.5 and 1 M) and brown (2.5 M) were observed immediately on
addition of different concentrations of DA. The series of photographs and corresponding
absorption spectra are shown in Fig. 4.1.1A and Fig. 4.1.1B, respectively. Additional DA
concentrations of 1.25 mM, 2.50 mM, 12.5 mM, 25.0 mM, 0.125 M, 0.250 M and 0.625 M
were also prepared in order to better evaluate the subtle spectroscopic changes Fig. 4.1.1B.
The absorption band of the gold salt exhibited a maximum at 294 nm as shown in Fig.
4.1.1B, al.

AuCl,  ions have been reported to exhibit a strong absorption band at 220 nm with a
shoulder at 290 nm due to charge transfer between gold and the chloro ligands [228]. After
reduction with NaBH,, but before addition of the analyte (DA), the absorption band had
shifted to 308 nm (Fig. 4.1.1B, a). The band at 308 nm confirmed that nanoparticles were

55| Page



formed despite the fact that the borohydride that was added could not reduce all the AuCl,~
ions. A progressive decrease in absorbance at 308 nm with increasing concentration of DA
was observed, especially at very low DA concentrations of 0.005 mM and 0.05 mM (Fig.
4.1.1B, a-c). The spectral shifts were not sufficient to allow visual detection of DA, but may
be developed in a spectrophotometric method. On addition of significant amounts of DA
(12.25 mM, 2.5 mM, 0.0125 M and 0.025 M) an absorption maximum at 388 nm was observed
(Fig. 4.1.1B, d-g). A second band at 500 nm was observed for higher DA concentrations of
0.125, 0.25, 0.625, 1 and 2.5 M (Fig. 4.1.1B, h-j). DA is known to act as a good reducing
agent in certain circumstances [229]. When the green AuNPs were mixed with the different
concentrations of DA, more and more of the remaining AuCl, and AuCl, ions were reduced
to Au’ nanoparticles, thus resulting in a decrease in intensity of the initial band at 308 nm.
The newly formed nanoparticles attached themselves onto the existing nanoparticles to form
bigger nanoparticles or aggregate particles resulting in colour changes and shifts in the
absorption spectra from lower to higher wavelengths. A similar process is common in the

deliberate synthesis of shaped nanoparticles from small “seed” nanoparticles [230].
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Figure 4.1.1: (A) Photograph showing colour changes of solutions of different
concentrations of DA reacted with 100 pl of the UF-AuUNPs, (B) Absorbance spectra of:
al- Au salt before NaBH,4, AuNPs in a- 0 M, b- 0.005 mM, c- 0.05 mM, d- 1.25 mM, e- 2.5
mM, f- 0.0125 M, g- 0.025 M, h- 0.125 M, i- 0.625 M, j- 2.5 M

4.1.2 HRTEM characterization of the UF—AuUNPs

To further understand how the spectral features of the probe were related to particle size and
shape, transmission electron microscopy (TEM) studies were conducted. The morphologies
of the AuNPs (Fig. 4.1.2) were in agreement with the UV-visible spectroscopy results as
they showed growth in the size of the nanoparticles and that aggregates were formed. The
synthesized nanoparticles were initially well dispersed, roughly spherical in shape and their
average diameter was estimated to be 10 nm (Fig. 4.1.2a). The TEM images confirmed
growth and aggregation of the AuNPs in the presence of DA (Fig. 4.1.2, b-f). Interestingly,
TEM also revealed the generation of different shapes of the AuNPs for different

concentrations of DA. Again the observations were consistent with a “seed” approach to
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AUNP synthesis [230].

Figure 4.1.2: HRTEM of the UF-AuNPs in various DA concentrations. a—c shows growth
in the size of the NPs from 0 M (a) average diameter of 10.12 nm, in 5 mM (b) with core
size of 64.61 nm and in 0.05 M (c) with core size of 230.61 nm, d—e shows aggregates of NPs
formed in 0.05 mM, 1 M and 2.5 M respectively.

4.1.3 Selectivity

The selectivity of the UF-AuUNPs for DA detection in the presence of interferences (ascorbic
acid and uric acid) was investigated. The results shown in Fig. 4.1.3.1 indicate that there was
no colour change when the UF-AuNPs were introduced to a relatively high concentration of
UA (Fig. 4.1.3.1A, b) and that there was also no significant spectral change for the solution
(Fig. 4.1.3.1B, b). An orange colour was observed for DA (Fig. 4.1.3.1A, c) while the colour
changed to purple in AA (Fig. 4.1.3.1A, d) with absorption maxima at 498 and 609 nm,
respectively (Fig 4.1.3.1B, ¢ and d). The response of AA to the nanoparticle probe was not
surprising since it is known that AA and DA have similar chemical properties. In this case,
both analytes have been used as reducing agents for nanoparticle synthesis [231, 232]. In this
study, however, while it is plausible that AA like DA is reducing excess AuCl, and AuCl,"
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ions, the resulting nanoparticles were different and presented a very different colour.
Interestingly, a mixture of the three analytes resulted in an orange colour (Fig 4.1.3.1A, )
with absorption maxima at 490 nm (Fig. 4.1.3.1B, e) corresponding to that of DA yet the
concentration of DA was much lower (almost one third of both AU and AA).

A

Control UA

AA Mixture

Absorbance

270 370 470 570 670
Wavelength (nm)

Figure 4.1.3.1: (A) shows the colours that resulted when the analytes reacted with the
AUNPs. a- is a control, AUNPs in water, b- UA (0.125 M), ¢c- DA (0.05 M), d-AA (0.125 M)
and e mixture of the three analytes. (B) depicts the absorption spectra corresponding to
(A).

Based on the results in Fig. 4.1.3.1, the UF-AuNPs probe could be used to detect AA in the
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absence of the interfering species. AA was further investigated as a possible interfering
species because of the observed colour change. Different concentrations of AA were prepared
to investigate the extent to which the probe could detect AA. Colour changes were observed
from light green to purple for 0.125 mM to 1 M AA (Fig. 4.1.3.2A). The absorption maxima
for the nanoparticles in the presence of AA were between 553 and 613 nm (Fig. 4.1.3.2B, c-
g) while the ones for the reduced particles alone was at 308 nm ((Fig. 4.1.3.2B, a and b).
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Figure 4.1.3.2: (A) shows the response of the probe to AA. (B) Depicts the absorption
spectra of the UF—AuUNPs in different concentrations of AA. a- 0.005 mM, b- 0.05 mM, c-
1.25 mM, d- 2.5 mM, e- 5 mM, f- 0.0125 M, g- 0.5 M

Next, concentrations of DA and AA were varied and mixed to investigate if the probe was
selective to different concentrations of DA in the presence of AA. The results are shown in
Fig. 4.1.3.3. An orange colour was observed on addition of the AuNPs to a solution of DA,

even when AA concentration were 20 times greater or 50 times lower than that of DA (Fig.
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4.1.3.3A, b and c respectively). The corresponding absorption spectra (Amax around 500 nm)
(Fig. 4.1.3.3B, a and b) were similar to those that were observed for DA in the absence of
AA (Fig. 4.1.1A). When the concentration of AA was increased to 200 times greater than that
of DA, a purple colour was observed (Fig. 4.1.3.3A, a) and the corresponding absorption
spectra (Amax around 605 nm) was similar to that observed for AA (Fig. 4.1.3A) in the
absence of DA (Fig. 4.1.3.3B, a). It is clear that the probe could be used for detecting both
AA and DA, separately, or for detecting DA in the presence of moderate concentrations of
AA. In biological samples where concentrations of AA are higher than those of DA (usually
100 — 1000 times higher) the probe will only remain effective until the AA concentrations are
200 times greater than those of DA. When the concentrations of AA are above 200 more than

those of DA, the high concentrations of AA would interfere with the detection of DA.

0.5 b

Absorbance

270 370 470 570 670
Wavelength (nm)

Figure 4.1.3.3: (A) Photograph showing the response of the probe to the mixtures of DA
and AA concentrations. (B) Depicts the corresponding absorption spectra of the mixtures
of a- 0.25 mM: 0.05 M, b- 1.25 mM: 0.025 and c- 2.5 M: 0.05 M (DA: AA).
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4.1.4 Optimization of pH

DA is an organic base with a pKa of 8.9. The media pH can therefore affect the form of DA
in aqueous solution and thus the reaction between DA and the AuNPs. Therefore, it is
important to optimize the pH of the solution. We investigated the impact of pH in the range
from 2 to 11 (Fig. 4.1.4) and the absorbance ratio of Asgs/Asos Were plotted against pH. It
must be noted that DA absorbs at three wavelengths (308, 388 and 500 nm). The Azgs/Asos
ratio was chosen because most of the DA concentrations that were prepared absorbed at these
two wavelengths. For this study, 5 pM DA was used as a representative. Lower absorbance
ratios (Asss/Asps) Were observed for pH < 7.4 and pH > 9. The highest absorbance ratio
(Asgs/Asog) was observed at pH = 8. For pH < 7.4, the lower ratio was probably due to the
fact that DA is protonated and relatively stable at acidic and neutral pH; it can therefore not
be used to reduce the excess AuCl, or AuCl, ions. In basic media (e.g. pH 8), DA becomes
deprotonated [233], very unstable and easily oxidized; this results in the AuCl, or AuCl,
ions being easily reduced to form nanoparticles, hence resulting in a higher absorbance ratio.
At pH > 9 the AuNPs were not stable and tend to aggregate rapidly, resulting in a colour
change before DA is introduced (not shown). Therefore pH 8 was chosen as the optimal

media pH.
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Figure 4.1.4: Effect of media pH on the absorbance ratio (Asgs/Asgs) 0f 5 UM DA.
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4.1.5 Detection of DA under optimal conditions

Under optimal pH, colour changes were observed for solutions of DA as low as 5 nM (Fig.
4.1.5.1A). The control solution (0 M DA), was pale green but when DA was introduced the
green colour first intensified with increasing concentration of DA (5 nM — 5 uM) and
gradually changed to an orange colour (for higher concentrations of DA). As depicted in Fig.
4.1.5.1B, the absorbance ratio of Asgs/Ases gradually increased upon addition of more DA.
The mechanism that brings about the colour change is similar to the one observed previously
under sub-optimal pH conditions, where the AuNPs were seen to become larger, changed
morphology and aggregated on addition to increasingly more DA (Fig. 4.1.5.2). Good
linearity was obtained over a range of 5.0 x10® — 5.0 x10° M and the detection limit was
estimated to be 2.5 nM (30). The probe has better selectivity than other reported AuNP—based
colorimetric probes for detecting DA [31, 93, 96, 97].
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Figure 4.1.5.1: (A) photograph of the UF-AuNPs in the presence of different

concentrations of DA at pH 8. (B) Plots of the absorbance ratio (Azgs/Asgg) Versus
logarithm of the concentrations of DA (0 M, 5 nM, 50 nM, 500 nM, 5 uM, 50 uM, 500 uM,
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Figure 4.1.5.2: TEM images of the UF-AuUNPs in the presence of DA. A-B shows growth
in the size of the nanoparticles, in 5 nM (B) with core size of 18.37 nmand in 5 uM (C)
with core side of 83.66 nm, C and D shows aggregates of NPs formed in 0.05 mM and 0.5
mM respectively.

4.1.6 Detection of dopamine in whole blood sample

The sensitivity and selectivity of the probe towards DA in a whole blood sample was also
investigated (Fig. 4.1.6). Before the addition of any AuNPs the blood sample was red in
colour (Fig. 4.1.6A, a). When the AuNPs were added to the solutions, a colour change from
red to green was observed; the green colour intensified after spiking the solutions with DA
(Fig. 4.1.6A, b—d). The change of colour before spiking in Fig. 4.1.6A, b; was likely due to
the presence of DA in blood. In Fig. 4.1.6B, (a) is the absorption spectra of the blood sample
before the AuNPs were added. Apart from the main intense band at 406 nm, several small
absorption bands (~280, 500, 538, 574 and 633 nm) were observed, which all disappeared in
the presence of the AuNPs (Fig. 4.1.6B, b—c). The insert in Fig. 4.1.6B clearly shows the
disappearance of the minor bands from the whole blood sample, which means that the probe
was not sensitive to other interferences present in the whole blood. The additional peaks that

were formed in the presence of the AuNPs around 308 and 389 nm, shown in the spectra of
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Fig. 4.1.6b (whole blood + AuNPs), Fig. 4.1.6¢ (whole blood + AuNPs + 5 uM DA) and Fig.
4.1.6d (whole blood + AuNPs + 50 uM DA) corresponded to those that were observed for
DA in the absence of whole blood. Another band was formed around 540 nm (Fig. 4.1.6B,
d), which further confirmed the detection of DA (the increase of DA in the solution as
before). The probe showed good selectivity and sensitivity for DA in a very complex matrix

(whole blood), without any additional sample preparation.
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Figure 4.1.6: Detection of dopamine in whole blood. In (A), a- whole blood, b- whole blood
+ AuNPs, ¢c- whole blood + AuNPs

+ 5 uM DA and d- whole blood + AuNPs + 50 uM DA. (B) depicts the absorption spectra
that correspond to the solutions in (A).

In summary, a novel colorimetric probe for detecting DA in aqueous samples by utilizing
UF-AuNPs was successfully developed. By taking advantage of good reducing properties,
DA induced growth of UF-AuNPs and the subsequent change in the morphology of the
nanoparticles resulted in a clear and observable colour change from pale green to orange then
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brown. Spectral shifts were observed to accompany the colour changes signalling the
formation of large particles or aggregates. Under non—optimized conditions, colour change
was observed from 0.5 uM. In the mixture of DA and AA, the probe could detect DA, even
when the concentrations of AA were up to 200 times higher than those of DA. At very high
concentrations of AA (more than 200 times greater than DA), a deep purple colour was
observed with absorption maxima around 605 nm, showing the interference of AA. Under
optimized pH conditions, colour changes were observed already from 5 nM DA and the
detection limit was improved to 2.5 nM from the previous 500 nM. The probe could
selectively detect DA in whole blood sample without any sample preparation other than
dilution. The practical simplicity of the probe proved that it would be very useful in the
development of new AuNP-based probes as it is safe and reproducible (no toxic
functionalization is required) and rapid, resulting in colour changes at room temperature
within 2 minutes. The developed probe also gave some insight into the synthesis of various
shaped AuNPs during the detection of DA, and this information is now being used to further

develop sensitive probes with both free and immobilised nanoparticles in our lab.

Although the colloidal UF-AuNPs colorimetric probe showed good response towards the
analyte of interest, there is still a challenge with liquid state probes. One striking challenge is
the issue of portability and transportation. Hence, solid state probes that will address these
challenges are in demand. In this thesis, solid state colorimetric probes in the form of a

nanofibre were fabricated.

4.2 Solid state colorimetric probe

Nylon 6 (N6) was selected as the polymer matrix because it is biocompatible, biodegradable,
low cost, has superior fibre forming ability, good mechanical strength, and strong chemical
and thermal stabilities [234-236]. The mechanical strength of nylon makes it easy for the
fibres to be cut into strips that would be used for the detection of the target analyte.
Moreover, synthetic nylon membranes have a porous structure and are composed of
microfrills that are interconnected forming a three—dimensional network [237]. Because of
these remarkable morphological features, nylon fibres are ideal candidates to be used as
supporting materials for metal nanoparticles, ligands or molecules that are used to provide

selectivity when the fibres are employed as a sensor material.
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Since in liquid state colour change was observed for AA, the solid state probe had been
designed such that there will be no response from the interfering substances. In order to
achieve such a goal, the suitability of MIPs for the selective detection of DA was investigated

and the results are discussed in section 4.2.1.

4.2.1 Evaluation of the MIP + UF-AUNPs + N6 nanofibre composite as a

selective colorimetric probe for detecting DA

4.2.1.1 FTIR characterization of MIPs

The successful synthesis of the DA-MIP was confirmed with the aid of FTIR spectroscopy
(Fig.4.2.1.1). The OH stretching band at 3402 cm ™, the C=C band at 1630 cm* and the C—H
bending band at 746 cm™ all indicated to the presence of DA in the unwashed MIP, which
diminished significantly from the spectra of the washed MIPs. These characteristic bands do

not appear in the spectrum of the NIP since it does not contain DA.
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Figure 4.2.1.1: FTIR spectra of the unwashed MIP, NIP and washed MIP.
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4.2.1.2 HRSEM characterization of the MIP particles

The morphology of the imprinted polymers determined by SEM displayed irregular shaped
particles (Fig. 4.2.1.2), typical of these polymers [238].

Figure 4.2.1.2: HRSEM image of the DA-MIP

4.2.1.3 TEM and UV/vis spectroscopy characterization of the polymer
solution before electrospinning

The TEM image (Fig. 4.2.1.3A) showed that most of the AuNPs were mono-dispersed while
only a few were aggregated. The TEM analysis was in agreement with the UV spectrum (Fig.
4.2.1.3B) with absorbance intensities at 530 and 640 nm, which are typical of dispersed and
aggregated AuNPs, respectively.
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Figure 4.2.1.3: (A) TEM image and UV/vis spectrum (B) of the MIP + UF-AuNPs + N6
solution.

The UF-AuUNPs were synthesized following the in situ reduction method, where gold salt was
reduced with NaBHy,. Thereafter, electrospinning resulted in encapsulation of the UF-AuNPs

and MIP particles within electrospun N6 nanofibres.

4.2.1.4 Colorimetric evaluation of the MIP + UF—AuUNPs + N6 nanofibre

For the preliminary studies, ascorbic acid (AA) and uric acid (UA) were chosen as the
interfering species since they are known to coexist with DA in real samples and are normally

present at higher concentrations than DA [1].

In the presence of DA, a colour change from purple to navy blue/black was observed with or
without the MIPs whilst they remained unchanged in both AA and UA solutions (Fig.
4.2.1.4). The fibres labelled “control” are the original fibre mats in water (without any of the

analytes).
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Figure 4.2.1.4: Colorimetric response of the MIPs/NIPs +UF-AuNPs + N6nanofibres.

4.2.1.5 HRSEM characterization of the fibres

The morphological changes of the nanofibres caused by introducing DA were evaluated using
HRSEM. SEM images of the nanofibres with NIP and MIP particles before and after DA are
shown in Fig. 4.2.1.5. Significant differences were observed on the nanofibres. The NIP +
UF-AuNPs + N6 nanofibres (Fig. 4.2.1.5A) were smooth and very few nanoparticles were
visibly embedded in the nanofibres. In the presence of DA (NIP + UF-AuUNPs + N6 + DA)
many more particles were observed on the surface of the nanofibres (Fig. 4.2.1.5B).
Compared to the NIP fibres, the MIP fibres showed an even greater number of nanoparticles
on the surface. Some particles were present even before addition of DA (Fig. 4.2.1.5C). This
may be due to the DA molecules that remain after incomplete removal of template DA during
the washing of the MIP. The excess DA molecules interact with the UF-AuUNPs in the
polymer solution and result in the formation of aggregates that are too large to be embedded
within the nanofibre material. The presence of DA on the imprinted polymers could be the
reason why the MIP + UF-AuNPs + N6 fibres in Fig. 4.2.1.4 were purple even before they
were dipped in DA. An increase in the number of particles and size of aggregates on the
nanofibres was observed in the presence of DA (Fig. 4.2.1.5D).
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Figure 4.2.1.5: HRSEM of A- NIPs+UF-AuNPs+N6, B- NIPs+UF-AuNPs+N6+DA, C-
MIPs+UF-AuNPs+N6 and D- MIPs+UF-AuNPs+ N6 +DA.

4.2.1.6: Energy-dispersive spectroscopy (EDS) analysis

Energy-dispersive spectroscopy (EDS) analysis of the fibres was conducted to profile the
elemental composition of the particle aggregates that were observed on the surface of the
HRSEM. All the EDS spectra confirmed the presence of AuNPs (Fig. 4.2.1.6). The inserts in
Fig. 4.2.1.6A — D are the EDS quantitative analysis. Along with the Au peak, Na and CI
peaks were observed on the spectra of the NIPs + UF-AuUNPs + N6 fibres (Fig. 4.2.1.6A).
The source of the Na may be the NaBH, that was used to reduce the AuCl, in the polymer
solution. The CI could be from the AuCl, or AuCl, that could have remained after reducing
with the NaBH,. The decrease in the Cl atoms and the increase of the Au atoms from 51.02 —
27.07% and 7.96 — 66.88% respectively observed in Fig. 4.2.1.6B indicates that AuCl, or
AuCl, are almost completely reduced possibly caused by the presence of the analyte. The
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same thread was observed for the MIP fibres (Fig. 4.2.1.6C and D), where Cl decreased from
52.49 — 12.57% and Au increased from 11.09 — 82.10%.
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Figure 4.2.1.5: EDS images of A- N6+ UF-AuUNPs + NIPs, B- N6+ UF-AuUNPs + NIPs +
DA, C- N6 + AuNPs + MIPs and D- N6 + UF-AuNPs + MIPs + DA

Briefly, the purpose of this part of the study has been to investigate if a composite of
electrospun MIPs and AuNPs could be applied for colorimetric detection of DA. As seen in
the previous chapters, there are many reports on combination of AuNPs and electrospun
nanofibres, AUNPs and MIPs for colorimetric detection and other applications. However, to
the best of our knowledge there are no reports that exploited the outstanding properties of
MIPs, AuNPs and electrospun nanofibres combined for the colorimetric detection of DA. The
composite material prepared displayed good selectivity towards DA giving a colour change
from purple to navy blue/black and it was not responsive to interfering compounds (AA and
UA). This research forms a foundation to study composites of the three materials for

fabrication of colorimetric probes for various analytes and for other applications.

However, the fact that the NIP fibres were also responsive towards DA meant that the MIPs

are not very significant in this case even though their presence within the fibres resulted in
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more particles coming to the surface of the nanofibres. Ideally, NIPs are not supposed to be

responsive towards DA since they do not possess the required DA imprint for recognition.

Since including the MIPs within the N6 fibre proved to be insignificant, a probe based on
UF-AuNPs + N6 composite was developed. In order to investigate the significance of using
UF-AuNPs, we investigated the effects of using stabilized AuNPs and the results are shown

in section 4.2.2.

4.2.2 AuNPs + N6 composite based colorimetric probe

The UF—AuUNPs + N6 composite polymer solution was prepared following the procedure in
section 3.3.3. The polymer solution was first characterized by UV/vis spectroscopy and was
evaluated as a liquid state colorimetric probe before electrospinning. Three other polymer
solutions (TSC—AuUNPs + N6, 3-MCA-AuUNPs + N6, and MSA-AUNPs + N6) were prepared
in order to investigate the merits of using UF-AuNPs as a probe. The original polymer
solutions were then electrospun under the conditions explained in section 3.3.2.3 and then

evaluated as solid state colorimetric probes.

4.2.2.1 UF—AuNPs + N6 composite

The UF-AuUNPs + N6 solution was purple in colour and exhibited a broad peak around 550
nm. Upon addition of the polymer solution to AA and DA, two peaks were observed around
520 and 660 nm (Fig. 4.2.2.1.1A, a and b) which is typical of dispersed [239] and aggregated
[240] AuNPs respectively. When AuNPs destabilizes, the original excitation peak decreases
in intensity due to the decreasing of stable NPs, and often a secondary peak will form at
higher wavelengths due to the formation of aggregates. That is, addition of AA or DA in the
polymer solution induced aggregation of the UF—-AuNPs and resulted in colour change from
purple to blue (AA) and dark blue (DA) (Fig. 4.2.2.1.1B) and the formation of the new peak
at 660 nm. No noticeable change in absorbance was observed upon addition of the polymer
solution to UA (Fig. 4.2.2.1.1A, c¢) and the colour of the solution obtained was similar to that
of the control (Fig. 4.2.2.1.1B).
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Figure 4.2.2.1.1: (A) Absorbance spectra of the UF—AuUNPs + N6 solution in (a) DA, (b)
AA, (c) UA and (d) the polymer solution (control). (B) Photograph showing the colour
changes of the solutions in the three analyes.

The fibre mat that was obtained from electrospinning the UF—AuNPs + N6 composite was
purple in colour (Fig. 4.2.2.1.2). Although AA seemed to have a potential to interfere with
DA detection in the polymer solution (as it gave a colour that could not be easily be
distinguished from that of DA), the nanofibres showed selectivity towards DA. The colour of
the nanofibre in the presence of DA was navy blue to black and remained unchanged in both

AA and UA.

Control

Figure 4.2.2.1.2: UF-AuNPs + N6 fibres in AA, UA and DA.
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4.2.2.2 TSC-AuNPs + N6 composite

A purple polymer solution became light blue in AA and dark blue in the DA whilst in the
presence of UA it remained unchanged (Fig. 4.2.2.2.1A). There was no significant difference
in the spectra of the control (TSC-AuUNPs + N6), DA and UA solutions (Fig. 4.2.2.2.1B,
a,c,d). The absorption maxima of all the solutions were at 540 nm with the spectrum of the
AA solution broader compared to that of UA and DA.
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Figure 4.2.2.2.1: (A) photograph showing the response of the TSC-AuUNPs + N6 in the
analytes. (B) Absorbance spectra of the NPs in (a) UA, (b) AA, (c) control and (d) DA.
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A purple coloured fibre mat was obtained from the TSC-AuNPs + N6 composite (Fig.
4.2.2.2.2). The fibres remained unchanged in UA. In AA the nanofibres became reddish and
the one in DA became blue. However, the colour changes observed in the presence of both
AA and DA were too faint that one may need to have a very good eye sight to perceive the
change. Moreover, in the presence of DA leaching was observed as the solution also changed

colour instead of the fibre only.

Control UA

Figure 4.2.2.2.2: TSC-AuNPs + N6 fibres in AA, UA and DA.

4.2.2.3 (3-MCA-AUNPs + N6) composite

The white polymer solution (not shown) and the nanofibre mat obtained from the 3-MCA-

AUNPs + N6 composite remained unchanged in all the analytes (Fig. 4.2.2.3).
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Figure 4.2.2.3: 3-MCA-AUNPs + N6 composite nanofibres

4.2.2.4 MSA-AUNPs+N6 composite

The brown colour of the MSA-AUNPs + N6 solution did not change when it was introduced
into solutions of the three analytes (Fig. 4.2.2.4B) nor did the absorption spectra show any
significant difference (Fig. 4.2.2.4A). All the solutions absorbed at 550 nm. The fibre mat
obtained from electrospinning of the composite was brown and the analytes could not induce

any colour change (Fig. 4.2.2.4C).
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Figure 4.2.2.4: (A) UV/vis spectra of the MSA-AUNPs + N6 composite in (a) UA, (b) DA,
(c) AA and (d) control. (B) and (C) shows the liquid and solid state colorimetric response
of the composite in the presence of the analytes respectively.

78| Page



In summary, only the UF-AuNPs + N6 composite showed good response towards DA. In the
liquid state studies it was observed that DA could change the colour of the solution from
purple to dark blue. However, AA showed similar results with the same colour and spectral
changes but different intensities. It was noted however that in solid state (fibre), the
developed method was insensitive to both UA and AA since the fibres in the two analytes
remained purple but became navy blue to black in DA. No change was observed on the 3—
MCA-AUNPs + N6 and MSA-AuUNPs + N6 composites both in liquid and in solid state. It
was assumed that since the nanoparticles were stabilized, the analyte did not have access to
them and hence no change in absorbance and no colorimetric response. This is because the
sulphur group forms a strong bond with the AuNPs and unless the analyte has functional
groups that can interact with the other groups of the stabilizer thereby changing the
environment of the nanoparticles, no effect would be observed. On the other hand, the citrate
ion is easily displaceable by any species that has a strong affinity for AUNPs. That is why the
TSC-AuUNPs + N6 composite were responsive. However, due to the faint colour change by
the TSC—AUNPs + N6 nanofibres and the superiority of the UF-AuUNPs + N6 nanofibres in
the detection of DA successive studies focused on the UF-AuNPs + N6 composite

nanofibres. Moreover, the use of stabilizing agents proved to be unnecessary.

4.2.2.5 N6-Au salt nanofibre composite

Since DA can act as a reducing agent, it was important to investigate if it was necessary to
add the NaBH, during the synthesis of a specific probe for DA. A probe that is based on N6
and the gold salt composite was prepared and evaluated for both AA and DA. The composite
gold and N6 nanofibres displayed high sensitivity since it could change colour to as low as 5
x10® M DA (Fig. 4.2.2.5A). However, the nanofibres were not selective towards DA
because they also showed similar colour changes in the presence of AA (Fig. 4.2.2.5B). The
white fibre mat became purple and the colour intensified with increasing concentration of the
analytes. It was noted however that no matter how high the AA concentrations were, the
nanofibres could not become navy blue/black as observed in the presence of DA. This was
assumed to be due to the presence of the Au®* ions, that could be reduced to Au'* by the AA
to give the purple colour and in more DA all the gold ions got reduced to Au’. These

outcomes proved the necessity of reducing the salt with a small quantity of NaBH,.
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Figure 4.2.2.5: Au salt + N6 nanofibres in various concentrations of AA and DA.

4.3 Colorimetric detection of DA employing the UF-AuNPs + N6 composite

nanofibers

The purple fibres were evaluated as probes by introducing strips of the nanofibre mat to
various analytes. In aqueous solutions of DA (5 puM) a colour change from the purple to navy
blue/black was observed (Fig. 4.3). However, when the same fibres were dipped in solutions
(50 uM each) of other compounds that are known to interfere with DA detection such as uric
acid (UA), ascorbic acid (AA), catechol (CAT), norepinephrine (NORE) and epinephrine
(EPI) the nanofibre mats remained almost unchanged. No matter how high the concentrations
of AA and UA were made, colour change was not observed. The concentration of the
catecholamines in urine and blood samples of healthy subjects is normally lower than those
for DA for example, in urine NORE is ~0.088-0.47 pumol/24 h and EPI is ~0.002-0.11
HM/24 h [241]. On the other hand, the concentrations of AA and UA are normally found to be
higher than those of DA (1.48-4.43 mmol/24 h for UA [242] and AA is ~100-1000 times the
concentration of DA [243]).
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Figure 4.3: The UF—AuNPs + N6 composite nanofibres in DA (5 pM) and other interfering substances (50
puM) at pH 7.4.

4.3.1 High resolution scanning electron microscopy characterization

In order to evaluate the morphological variations of the AuNPs that resulted in the colour
change that was observed in the presence of DA, the fibres were subjected to HRSEM
analysis (Fig. 4.3.1). There was no significant difference between the fibres that were in the
other analytes (AA and UA) and that of the control (Fig 4.3.1 A&B). The fibres in AA were
used as a representative for the interfering substances. However, in the presence of DA, more
AUNPs were observed on the surface of the nanofibres (Fig. 4.3.1 C&D).

8l|Page



100nm NMMU — 100nm NMMU
2.00kV SEI SEM WD 4mm 2.00kV SEI SEM WD 4mm

D

-

{

\
A

%

— 100nm NMMU - 100nm NMMU
2.00kv SEI SEM WD 4mm 2.00kV SEI SEM WD 4mm

Figure 4.3.1: HRSEM image of (A) the UF-AuNPs + N6 composite nanofibre, (B) the
fibres in AA and (C&D) in DA. C and D are the same just different magnifications.

4.3.2 Evaluation of the detection limit of the N6—AuUuNPs nanofibre

composite probe

The fibres were next placed in contact with solutions containing various concentrations of
DA to investigate the detection limit for this process (Fig. 4.3.2). The colour change was
evident already from 5 x 10" M (the normal content of DA in healthy people is in the range
of 1.3-2.6 uM [14]) displaying high sensitivity towards DA. The intensity of the colour
increased with increasing concentrations of DA, and the development of the final colour was
most rapid in DA concentrations over 5 x 10~ M. The blinds in the laboratory were closed
and lights switched of before capturing of the fibre image to exclude interference of light

conditions of the ambient environment.
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Figure 4.3.2: The UF-AuUNPs + N6 composite in various concentrations of DA.

For quantification of DA using the solid state probe (nanofiber mat), open—source software
ImageJ was used to assist in the analysis of the fibre colours (Fig. 4.3.3). It was observed that
the intensity of the colour increased with the increase in concentration of DA in a linear
fashion. The use of ImageJ can be a great alternative where the colour changes are not so

clear or for visually impaired people.

Relative intensity
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Figure 4.3.3: Bar graph showing the relationship between concentration of DA and
relative intensities of the colour of the fibres in the various concentration of DA.

Having achieved the main objective of the research study which was to develop a simple,
selective, sensitive and rapid solid state colorimetric probe for DA, it was then necessary to
understand the mechanism associated with the probe. Some hypothesis about what could be

the possible mechanisms of detection are stated on the next section.
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4.4 Discussion of the possible detection mechanism

In this thesis, three mechanisms for the detection of DA by the N6 nanofibres incorporated
with the UF—AuUNPs are proposed. The first mechanism is based on the reduction of the gold
ions that are presumably in the form of Au'* to form Au® by the DA. The second mechanism
is based on direct interaction between the AuNPs and DA or a combination of both reduction
and interaction. The third mechanism is based on the change of the SPR of the gold on

interaction with DA.

4.4.1 First proposition:

Assuming incomplete reduction of the gold salt, that is, if we assume that the reducing agent
added did not reduce all the Au>* to Au® but that the polymer solution consisted of both the
Au and Au'* after reduction by NaBHy; this would mean that the nanofibre is comprised of
nanoparticles in the form of Au'* (i.e. the surface of the AUNPs has Au'*) and Au° that were
encapsulated within the nanofibre during electrospinning. Due to the known tendency of the
electron—rich oxygen and nitrogen atoms of polar amide groups to interact with positive
metal ions, the Au® ions would be presumed to be bound to nylon macromolecules via
electrostatic (i.e. ion-dipole) interactions [237]. For the ions that were already reduced to Au°
nanoparticles, the chains of the N6 molecule on the surface of the AuNPs form
intermolecular interactions with other chains and with the gold in the solution thereby
stabilizing the AuNPs [214]. Upon exposure to the analyte that reduces the remaining Au*
ions to Au® nanoparticles the purple nanofibre mat immediately changes colour to navy
blue/black. This is consistent with the growth of the AuNPs through the N6 nanofibre. The
presence of the gold nanoparticles in the form of Au'* (if this is the case, the counter ion is
likely to be CI™ from the HAuUCI,) could explain the lack of response of the probe towards
AA. The reason for the insensitivity of the probe towards AA could be due to the fact that
AA is a weak reducing agent and could only reduce Au®* to Au'* ions. If the only ions
available within the nanofibre are the Au'*, a weak reducing agent can have no effect. Hence,

no colour change was observed in the presence of AA.
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How to prove if this is the actual mechanism?
Required to prove:

e The presence of Au” ions by conducting Au4f XPS studies.

¢ Interaction between the gold atom and the N6 using FTIR.

4.4.2 Second proposition:

Suppose that the gold ions (Au®*) were completely reduced to gold atoms. Then the
nanoparticles could be stabilized by the nylon molecules that are on the surface of the
particles. In addition, nylon is known to have an interconnective porous structure [244].This
feature enables easy impregnating of the AuNPs into the nylon nanofibres through the pores.
Exposing the probe to DA produces interactions that cause the AuNPs to move to the surface
of the nanofibres owing to their high affinity to DA. The small clusters of particles that were
embedded in the polymer matrix aggregate into large particles hence the movement to the
surface. It is however possible that the Au** and DA can form complexes that give these

colour changes.

How to prove if this is the actual mechanism?
Required to prove:

e Investigate the arrangement of the nanoparticles within the nanofibre to prove
dispersion using TEM.

e Investigate any possible interaction between the functional groups of DA and the
UF—AuNPs by conducting nitrogen 1s and oxygen 1s XPS analysis of the probe.

Proving the presence of the Au'* ions would not necessarily mean that the second mechanism
does not apply. It is possible that both mechanisms are responsible for the generation of the
colour change and the movement of the nanoparticles to the surface of the fibres. It would be
interesting to find out the reason for the high specificity of the probe towards DA; more
especially the reason why norepinephrine (a catecholamine that is much more similar to DA)

could not interfere with DA detection.

85| Page



4.4.3 Third proposition:

A third possibility related to the second could be that the interaction with DA changes the
SPR. Since the colour of AuNPs depends on the SPR, it stands to reason that anything on the
surface would change the molar extinction at the surface. Perhaps for some reason, the
extinction coefficient of the gold or more likely the DA changes, causing a change in the light
absorbed and hence the colour. The change in the extinction coefficient might explain the
selectivity since every substance has a different molar extinction coefficient. Such
phenomena should be concentration dependent which supports our observations.

How to prove if this is the actual mechanism?
Required to prove:

e That the intensity of the colour changes with change in concentration of DA by
looking at the quantitation of the colour and intensity using ImageJ.

4.5 Further characterization to determine the mechanism of detection that

holds

To understand the mechanism of detection, i.e. to prove or disprove any of the suggested
mechanisms further characterization was necessary.

4.5.1 Fourier transforms infrared characterization of the composite fibres

FTIR studies were conducted to investigate any possible interactions between the UF-AuUNPs
and the functional groups of N6 (Fig. 4.5.1). The FTIR spectrum of the N6 + UF-AuNPs
(Fig. 4.5.1a) showed an increase in percentage transmittance while the intensity of all the
peaks remained similar to that of the clean N6 nanofibres (Fig. 4.5.1b). The absorption bands
at 3299 cm™ for the clean N6 nanofibres shifted to 3301 cm ™, while the band at 1639 cm™
shifted to 1642 cm™ and the band at 690 cm ™ shifted to 698 cm™ in the case of the N6 + UF—
AuUNPs nanofibres. When the N6+UF-AuNPs composite nanofibres were introduced to DA,

a decrease in percentage transmittance was observed and the intensity of all the peaks
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increased significantly (Fig. 4.5.1c). In addition to these changes, the peak at 3301 cm™* of
the N6 + UF-AuNPs fibres shifted to 3299 cm ™, whereas the peak at 1642 cm ™ moved to
1638 cm ! and the peak at 698 cm* shifted to 687 cm ™. The shifting of wave numbers from
lower to higher numbers has been associated with the presence of interactions between

functional groups of polymers and nanoparticles [245-247].
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Figure 4.5.1: FTIR spectra of (A) N6 and AuNPs, (B) clean N6 and (C) N6 and AuNPs
fibres in DA.
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In this case, since the major shifts are observed at 1639 cm™* and 690 cm * the results implies
the existence of molecular interaction between the amide (1) and amide (V) groups of N6
[236] respectively and the AuNPs in the N6 + UF—AuNPs nanofibre composite. These data
showed that the AuNPs were stabilized by the functional groups of N6. The shoulder around
3483 cm™ was assigned to the free NH [248]. Since the bond formed by the interaction
between the amide (I) and amide (V) of N6 and the AuNPs are not strong, they can be broken
easily. Owing to the strong affinity of DA for AuNPs, putting the nanofibres in a solution
with DA result in the breaking of those bonds and the AuNPs become free to interact with
DA to form aggregates that can no longer be embedded by the nanofibres. Hence, the shifting
of bands from higher to lower wave numbers was assumed to be indicative of broken
interactions between the AuNPs and the N6.

In order to evaluate the morphological changes before and after DA, transmission electron

microscopy analysis was conducted.

4.5.2 Characterization using TEM

The TEM results showed that before introduction of DA, the AuNPs were spherically shaped
and well dispersed within the nanofibre matrix (Fig. 4.5.2.1). The dispersion further
confirmed stabilization of the AuNPs by the functional groups of N6. The average diameter

of the AuNPs was estimated to be 8 nm.
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Figure 4.5.2.1: TEM images of the N6 + AuNPs composite nanofibres before DA.

The TEM image of the fibres that have been put to DA confirmed the formation of aggregates
(Fig.4.5.2.2C) which was also in agreement with the HRSEM results. N6 nanofibres have
pores that are interconnected, such a morphology enables DA to penetrate the nanofibre and
interact with the embedded AuNPs. The interactions causes change in the shape of the
nanoparticles from the spherical to hexagonal and star shapes, growth and formation of
aggregates that can no longer be impregnated by the nanofibres hence they diffuse to the
surface (Fig.4.5.2.2A & B). The change is especially evident from Fig.4.5.2.2B and D,

which are images of the same nanofibre taken at difference magnifications.
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Figure 4.5.2.2: TEM images of the N6+AuNPs composite nanofibres after DA.

4.5.3 X-ray photoelectron spectroscopy (XPS) characterization

The Au4f XPS spectrum of the probe before introduction to DA (Fig. 4.5.3A) showed two
peaks at 82.7 eV and 86.3 eV. The two peaks shifted slightly to 81.7 eV and 85.4 eV in the
presence of DA (Fig. 4.5.3B). The latter peak around 86.3 eV has been assigned to Au®*
species, while the peak at 82.7 eV has been attributed to Au®. Since there was an excess of
gold salt used, a plausible mechanism for the formation of nanoparticles on the surface of the
fibres that would be responsible for the colour change is further reduction of gold cations.
This is possible since DA is a reducing agent, but unlikely in this case since we would have

expected a third peak around 86.3 eV or even a small shoulder after introducing the probe to
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DA. The third peak together with a significant change to the peak at 85.4 eV would have

meant that in the presence of DA excess Au* ions was reduced to Au® or Au'*.
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Figure 4.5.3: Au 4f XPS spectra of the UF-AUNPs + N6 composite fibres before (A) and
after (B) DA.

These results implied that the mechanism of detection is based on a direct interaction of the
UF—AuNPs and DA, resulting in an unexpected aggregation of nanoparticles near the surface
of the nanofibers. In this case it should result in a change in the interaction of functional
groups with the surface of the nanoparticles, which we sought to investigate by XPS analysis

of nitrogen and oxygen.

From the XPS analysis for the binding energy of nitrogen (Fig. 4.5.4) it is evident that the
relative contributions of all the binding modes that make up the main peak are approximately
the same. It is feasible that there is only a very slight decrease of the contribution from the
400 eV peak after exposure to DA. The observation suggests that there was no change in the
binding mode with respect to nitrogen. Since the binding energy of different compounds vary
and overlap quite a bit, one should expect that any significant variation would be reflected in
a large change in the nitrogen binding energy. In our case, this is not seen which fits well
with other data and our suggestion that the N6 nanofibre backbone stabilises the

nanoparticles.
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Figure 4.5.4: XPS high resolution N 1s spectra of the UF-AuNPs + N6 composite fibres
before (A) and after (B) DA

The oxygen binding energy, on the other hand, showed quite a significant shift to favour the
531.0 eV contribution over the others (Fig. 4.5.5). The binding energy at 529.4 eV shifted to
529.0, 532.7 to 533.0, 534.6 to 535.3 and 536.7 to 538.0 eV after DA. This signifies that
there is one specific binding mode of oxygen that changes significantly after exposure to DA.
According to Beamson and Briggs, the 531.0 eV peak is likely to be that of a carbonyl. Since
DA does not have a carbonyl this binding mode could be that of the ortho diphenol moiety
(or its easily oxidised dicarbonyl or ortho-quinone form), or could reflect a different binding

mode with the polymer backbone.
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Figure 4.5.5: XPS high resolution O 1s spectra of the UF-AuNPs + N6 composite fibres
before (A) and after (B) DA

The interaction of the AuNPs with quinone carbonyl justifies the reasoning that there could
be no colour change in the other compounds more especially in epinephrine and
norepinephrine. The two catecholamines form unstable protonated species that easily oxidize
to form quinone derivatives at acidic pH [249, 250]. Since the solutions were alkaline (pH

7.4), we do not expect epinephrine and norepinephrine to induce any colour change.

After understanding the mechanism of action, we went further and applied the probe in a real

sample. The results are shown in the next section.

4.6. Detection of DA in the whole blood sample.

The results in Fig. 4.6. showed that the fibres changed colour from purple to black even
before spiking with DA. The colour intensified with the addition of DA. The assumption
made in solution studies about the presence of DA in the blood sample was also drawn in this

case. Of course, this would have to be experimentally proven.
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Figure 4.6: Colorimetric response of the UF-AuNPs + N6 composite nanofibre in the
whole blood sample

In conclusion, a solid state colorimetric probe based on UF-AuNPs + N6 composite
nanofibre was successfully synthesized. The merit of the probe for DA was evaluated by
testing it against other catecholamines. Very impressive results were obtained; the probe was
insensitive to the other analytes but was only responsive towards DA at pH 7.4. AuNPs were
observed on the surface of the fibres and the colour of the fibres was black in DA. The probe

was successfully applied in a whole blood sample.

4.7 Preliminary results on prospective work

Detection and determination of biological analytes in the human body is essential since that
may help during the diagnosis and treatment of various diseases. Given that most of the
currently used methods involve the use of facilities that are only available to the elite, on
continuation of the studies done in this thesis our future research will focus on developing
cost—effective point of care diagnostic colorimetric probes for various analytes. Amongst
other routes, the future work will make use of the methods realized in this thesis such as the
use of the UF—AuUNPs and also introduction of other compounds to enhance the selectivity
and sensitivity of the chosen analyte or group of analytes. Even though the feasibility of the
potential probes may first be studied in solution, our main focus will be to fabricate solid
state probes. For our initial investigations to form a foundation of the imminent work, we
report here in two strategies one using the UF-AuNPs in N6 fibres (section 6.7.1) and also
the use of s—cyclodextrin (5—CD) (section 6.7.2) to enhance selectivity of selected analytes.
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4.7.1 Detection of analytes based on their strength

Since we already suggested that one of the possible mechanisms of detection by the probes
developed in this thesis is the reduction of excess gold ions that remained during the
reduction of the gold salt, we now investigate the possibility of detecting analytes based on
their reducing strength. In this case, we particularly, expect the fibres that have less quantities
of NaBH4compared to the gold salt to be responsive to both the weak and stronger reducing
compounds. This is due to the presence of excess gold ions (Au** form) caused by incomplete
reduction of the tetrachloroaurate in the polymer solution. On the other hand, the fibres with
similar or slightly higher NaBH, are expected to be selective to compounds that have a
stronger reducing power because the ions that could be remaining are likely to be in the form
of Au**. Weak reducing agents such as AA can only reduce Au** to Au®* after that only the
stronger reducing agents can have an effect/reduce the ions to Au atoms. A particular analyte
amongst the stronger reducing compounds can be selectively detected based on pH.

For the preliminary investigations, DA was chosen as a stronger reducing compound while
AA was a representative for mild reducing compounds. Other compounds that were analysed
are: EPIl, NORE, glucose and tyrosine. The results of the experiments explained in sections
3.3.4 and 3.3.4.1. are shown next.

The colour of the 1:1 (gold salt: NaBH,4) polymer solution was a dark shade of purple (insert
in Fig. 4.7.1A) and exhibited an SPR peak at 543 nm. The fibres obtained from this solution
did not change colour in DA nor in AA (Fig. 4.7.1B I and II). This observation was assumed
to be due to the complete reduction of the gold ions hence the analytes could not have any
effect on the nanoparticles.
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Figure 4.7.1: (A) The UV spectrum and photograph of the 1:1 polymer solution and the corresponding
images of the nanofibres in DA and AA (B | and I1).

The insert in Fig. 4.7.2a displays the polymer solution that resulted from the 1:3 mixture. It
was wine-red in colour and the SPR peak was observed at 541 nm. No colorimetric response
was noted in the presence of both DA and AA (Fig. 4.7.2b I and II).
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Figure 4.7.2: (a) The UV spectrum and photograph of the 1:3 polymer solution and the
corresponding images of the nanofibres in DA and AA (b | and I1) respectively.

A wine-red polymer solution was obtained for the 3:1 mixture with an SPR peak at 542 nm
confirming the success of AuNPs synthesis (Fig. 4.7.3a). The resulting nanofibre also did not
change colour in the analytes (Fig. 4.7.3b I and 11).
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Figure 4.7.3: (a) The UV spectrum and photograph of the 3:1 polymer solution and the
corresponding images of the nanofibres in DA and AA (b I and Il) respectively.
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The 5:1 composite polymer solution had a wine—red colour and an SPR peak at 550 nm (Fig.
4.7.4a). In the presence of DA, the fibres changed colour from white to blue. The colour
change was observed from 5 x 10> M to higher concentrations of DA (Fig. 4.7.4b 1). This
trend was also observed in AA showing a colour change from white to purple then navy blue

for higher concentration (1 x 102 M) (Fig. 4.7.4b I1).
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Figure 4.7.4: (a) The UV spectrum and photograph of the 5:1 polymer solution and the
corresponding images of the nanofibres in DA and AA (b | and 11 respectively).

Fig. 4.7.5a depicts the 1:5 polymer solution; it was purple in colour and had an SPR peak at
542 nm. Visible colour change of the nanofibres placed in DA from 5 x 10°t0 5 x 102 M
was observed (Fig. 4.7.5b 1). Conversely, no significant colour change was observed on the

nanofibres that were placed in AA (Fig. 4.7.5b 11).
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Figure 4.7.5: (a) The UV spectrum and photograph of the 1:5 polymer solution and the
corresponding images of the nanofibres in DA and AA (b | and I1) respectively.

Due to the visible colour change of probes 5:1 and 1:5, they were selected for further studies.
These nanofibres were evaluated for their potential to detect other reducing compounds. The

analytes tested were each at a concentration of 5 x 10°® M. The images were captured at 10

min intervals.

The 5:1 composite nanofibres did not change colour in all the analytes after 10 min (Fig.
4.7.6 1). However, after 20 min a slight colour change to navy was observed for EPI and

NORE (Fig. 4.7.6. 11). The 1:5 composite exhibited no colour change even after 20 min (Fig.
4.1.7).
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Figure 4.7.6: Shows the 5:1 probe placed in (from left to right) epinephrine,
norepinephrine, glucose, tyrosine and the reference. (1) after 10 min and (I1) after 20 min.
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Figure 4.7.7: Shows the 1:5 probe placed in (from left to right) epinephrine,
norepinephrine, glucose, tyrosine and the reference. (1) after 10 min and (1) after 20 min.

In summary, the concentration ratios of gold salt to NaBH, affected the effectiveness of the
probes. The probe with more NaBH, than gold salt showed good selectivity towards the
stronger reducing agent (DA). The probe with less NaBH, than gold salt showed a colour
change for the weaker reducing analyte (AA) meaning that further reduction could occur after
reduction with NaBH,. Briefly, the outcome of this part of study showed that correct
concentration ratio combination of the HAuCIl, and the NaBH; can produce novel
colorimetric probes for the reducing compounds.

4.8 f—~CD-AUNPs + N6 composite nanofibre probe

As an alternative for achieving selectivity of an individual or a collection of analytes, here in
we have investigated the use of cyclodextrin. This compound was chosen because it is well
known for its distinct configuration that enables it to form host—guest interactions, resulting
in inclusion complexes. In comparison to other forms of cyclodextrin, f~CD is commonly
used because it is readily available, and its cavity size is good enough to host a wide range of
guest molecules. Moreover, f—CD has been applied to design electrochemical and
spectrophotometric sensors that are selective to DA and for simultaneous quantification of
DA and serotonin [251, 252]. However, there is still a need for a simple colorimetric probe
that will overcome the challenges of the currently used methods in the complex biological
fluids such as urine, blood/serum and cerebral fluid. Outcomes of our initial attempts to seek
a solution to this crucial issue are presented in the following section.

4.8.1 Ex-situ prepared f—~CD-AuUNPs + N6 nanofibre probe

When the ex—situ prepared gold nanoparticles were introduced to a solution of N6, it turned
purple. The solution was electrospun both on a copper grid (for the TEM analysis) and on the
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aluminium foil. Molecular interaction between the three materials was evaluated using FTIR
spectroscopy (Fig. 4.8.1) which revealed that there was no significant difference between the
spectra of the clean N6 (red) and that of CD—AuUNPs + N6 (blue). The characteristic peaks of
S—CD were also not seen on the spectrum of the /—~CD —AuNPs + N6 composite nanofibre.
The absence of the f—CD implied that there was no physical interaction between the f~CD —
AuNPs and the N6. Interestingly, the spectrum of the /~CD + N6 composite revealed a shift
in some of the peaks of N6 and new peaks that are characteristic of CD (green). The
frequencies of p—cyclodextrin were observed at 1155 cm* and 1028 cm* which corresponds
to the stretching vibration of C-C and bending vibration of O—H [253] respectively. The
absorption band at 862 cm™* belongs to the deformation vibrations of C—H bonds and the

pulsation vibration in glucopyranose cycle [254].
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Figure 4.8.1: FTIR characterization of clean N6, N6 + CD + ex situ prepared AuNPs and
CD + N6 nanofibres.

When the fibres were introduced in AA, DA, EPI, NORE and UA their colour remained
unchanged. TEM observations (Fig. 4.8.2) showed that the f—CD —AuNPs coated the

nanofibre instead of being encapsulated within the nanofibre composite. Fig. 4.8.2A and B
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are images of the same nanofibre taken at different magnification. This observation was

thought to be the reason for the lack of response by all the analytes.

WE o

Figure 4.8.2: TEM images of the ex situ prepared CD-AuNPs +N6 nanofibre composite at
different magnifications.

We went further on to try the in situ method since it proved to be effective in our previous
studies. Firstly, a suitable order for adding the reagents that will make up the probe was
investigated. The solution prepared by first dissolving N6 could not completely dissolve f—
CD, as a result, the fibre mat exhibited a rough surface morphology. However, when p—CD
was dissolved first followed by the addition of N6, both materials dissolved well hence this

procedure was chosen for further studies.

The FTIR spectrum of the N6 containing the in situ prepared f/—CD —AuNPs (Fig. 4.8.3 blue)
did not change much from that of the f/—CD + N6 nanofibre (Fig. 4.8.3 brown) except for the
increase in intesity of the absorption peaks of both N6 and f—CD which was assumed to be
due to the presence of the nanoparticles. This suggest that the functional groups of the two

materials were responsible in the interaction with the AuNPs.
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Figure 4.8.3: FTIR characterization of clean N6, N6 + AuNPs, N6 + Cyclodextrin + in situ
prepared AuNPs and cyclodextrin + N6 nanofibres.

Fig. 4.8.4 shows that before DA, the in situ prepared f—~CD —AuNPs were dispersed and
encapsulated within the nanofibres (Fig. 4.8.4A) and in the presence of DA they formed
aggregates on the surface of the nanofibre (Fig. 4.8.4B). The original colour of the nanofibre
was brown. After 10 min exposure in EPl, DA, NORE and CAT they became purple while
the colour remained unchanged in UA and AA (Fig 4.8.5 top). After 20 min, the fibres that
were in EPI, DA, NORE and CAT became navy blue whereas the ones in AA became pink
and remained brown in UA (Fig. 4.8.5 bottom).
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Figure 4.8.4: TEM images of the in situ prepared CD—AuUNPs +N6 nanofibre composite

before (A) and after (B) DA.
EPI A NORE CAT Control

Figure 4.8.5: Preliminary evaluation of the nanofibres as probe in the presence of UA, AA,
EPI, DA, NORE and CAT with after 10 min (top) and after 20 min (bottom).

UA AA D

Briefly, the ex situ method proved to be ineffective in the synthesis of a probe. However, the
uniform distribution of the nanoparticles on the surface of the nanofibres can find application
in other areas where such material are required such as in the design of biomedical devices
and water purification. The in situ method gave a nanofibre that showed great potential to
detect catecholamines simultaneously, indeed, a study worth looking at in the future.
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Chapter 5: Summary and future

prospects

Colorimetric probes for detecting DA were developed in both liquid and solid states. The
novel probe for detecting DA was produced by utilizing UF-AuNPs. Due to DA being a good
reducing agent of the UF-AuUNPs, it induced growth and changes in the morphology of the
nanoparticles which resulted in colour changes from pale green to orange then brown.
Spectral shifts were observed from lower to higher wavelengths signalling the formation of
large particles or aggregates. Under non—optimized pH conditions, colour change was
observed from 0.5 pM. In the mixture of DA and AA, the probe could detect DA when the
concentrations of AA were less than 200 times higher than those of DA. At very high
concentrations of AA (200- higher times greater than DA), a deep purple colour with
absorption maxima around 605 nm was observed showing the interference of AA. Under
optimized pH conditions, colour change was observed from 5 nM DA and the detection limit
was improved to 2.5 nM. The probe could selectively detect DA in whole blood sample. The
practical simplicity of the probe demonstrated that it would be more useful in the
development of new AuNPs based probes as it is safe (no use of toxic functionalities) and
rapid. The developed probe also gave some insight on the synthesis of various shapes of
AuNPs during the detection of DA, and this information is now being used in our lab to

further develop sensitive probes with both free and immobilised nanoparticles.

The solid state probe in a form of a nanofibre produced via electrospinning and the UF—
AuNPs were prepared following the in—situ reduction method of the HAuCI, in the N6
polymer solution. The fibres showed exceptional selectivity, sensitivity and fast response
towards DA without contribution from any of the other interfering species. The probe was
successfully applied in a whole blood sample and still showed high specificity towards DA.
In solution it was observed that all the absorption peaks that were present in the original
whole blood sample disappeared when the UF-AuNPs were added and the peaks that resulted
corresponded to those that were observed in the standard DA solutions. For both the liquid
and solid state, the necessity of using UF—AuUNPs was investigated by preparing stabilized
AuNPs and compared the findings. The UF-AuNPs showed very remarkable properties
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during the detection of DA. In comparison to the probes mentioned in section 2.1.3.2, the
probes developed in this study are easy to prepare, more sensitive and selective. Moreover,
the solid state probe is portable. In order to investigate the need to introduce functionalities
that will cater for selectivity towards DA during the development of the solid state probe, we
evaluated the suitability of MIPs since they are known to be highly selective towards a
targeted analyte. The results that were obtained showed that the MIPs were not playing any

unique role since the control (NIPs) also showed selectivity towards DA.

For our future work, since DA is also found in urine and pharmaceuticals investigating the

outstanding properties of the probe in these samples would also be sensible.

For the MIPs synthesized in the developed method to be used as components of the
colorimetric probe, colour change by the NIP fibres would have to be circumvented for the
merits of the MIPs to be clearly seen. Meaning, alterations would have to be made in the
method. For instance, the AuNPs can be prepared separately followed by immersing the pre—
synthesized polymer particles in the AuNPs solution for some time and then allow the
polymer particles to dry before they are added to the polymer solution. Such a procedure may
result in the NPs being attached on the surface of the polymer particles and their distribution

will depend entirely on the distribution of the particles.

Preliminary studies were also done to see if the methods developed in this thesis could be
used to make probes for other analytes. Using both un—functionalized and functionalized
AUNPs housed in electrospun nanofibres two probes were synthesized. The probe based on
UF-AuNPs showed that optimal conditions (in terms of reagents) can afford us a probe for
other catecholamines such as norepinephrine. Meanwhile the probes based on AuNPs
functionalized with p—cyclodextrin showed great potential to simultaneously detect all
catecholamines in the presence of interfering substances such as AA and UA. This part of the

work will form a major part of our future work.
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