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l. Abstract

The current advances of nanotechnology in medicine and biology open new
horizons towards the development of novel tools (nanosensors) for the detection
of several biological compounds, disease biomarkers and cellular molecules.
Fluorescent nanosensors are utilised as efficient, rapid and sensitive probes in
many analytical and biological applications. The small size of nanosensors
enables their insertion into live cells, with minimal cellular disturbance, to detect a

specific target within the intracellular environment in real-time.

The work described within this thesis outlines the development of fluorescent
nanosensors for the detection of cellular and biological markers. Chapter one
illustrates a brief introduction for the different types of nanosensors and the
methods that are utilised for nanosensor characterisation. Chapter Two describes
the development, fabrication and characterisation of size-tuneable ratiometric
fluorescent pH nanosensors. The nanosensors were able to detect the pH, one of
the most important biological markers, over an extended dynamic range from pH
3.5 to 7.5, encompassing the pH of many biological systems. Chapter Three
demonstrates the utilisation of the developed pH nanosensors for the real-time
measurement of the intracellular pH of yeast cells, as a model eukaryotic cell,
during glucose metabolism. Chapter Four details the study of the process of
fluorescence quenching using size controlled core-shell silica nanoparticles. The
study showed interesting results for enhanced distance-dependent fluorescence
quenching assay using silica nanoparticles. In Chapter Five, aptamer-based
fluorescent nanosensors have been developed for the gquantitative assay of DNA

hybridisation and interferon gamma, a model cytokine.
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1.1. Nanosensors: a new era for biological diagnostic probes

There is no doubt that the early identification of disease biomarkers is one of the
key factors for disease prevention and effective treatment [1]. During the early
stages of disease progression, biomarkers are produced at very low
concentrations, making them difficult to be detected. Therefore, the main
challenge for the early disease diagnosis is to develop a method that is capable of
detecting disease biomarker with high sensitivity and specificity [2]. Traditional
screening methods such as blood tests, X-ray investigations and biopsy may not
be useful for the early disease diagnosis [2, 3]. Additionally, high throughput
bioanalytical technigques/tools, including high-performance liquid chromatography
(HPLC), enzyme-linked immunosorbent assay (ELISA), sandwich immunoassay
(SI) and flow cytometric methods, provide rapid, sensitive and accurate methods
for biomarkers detection. These techniques, however, are time-consuming,
expensive, require multiple manipulations and cannot be used for the real-time
measurements. As a result, application of such techniques for the early disease

diagnosis and biomarker detection is limited [4, 5].

Marked integration between nanotechnology and medicine has contributed in
fabrication of smart nanomaterials for multiple medical and biological purposes
[6, 7]. Nanosensors are amongst such materials which can be used as low-cost,
rapid and sensitive tools for the real-time detection of disease biomarkers,
biological compounds and cellular molecules [8-10]. The use of nanosensors in
biological assays has established a new era for disease diagnosis and biological
measurements, which may be helpful to identify cellular behaviour and disease

progression in more detail [11].
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Nanosensors are tiny devices (probes) with a size of ~100 nm that could be
inserted into live cells to permit intracellular measurements and detect target
analyte in the real-time. The utilisation of nanosensors in biological assays

provides simple analytical operation and short time of analysis [12-14].

Generally, the materials used for nanosensor fabrication should have the
capability of converting the biological/cellular signals, occurring upon analyte
interaction, into measurable signals that can be recorded by a suitable device.
According to the recorded signal and measurement mode, nanosensors are
classified into four major types; electrical (electrochemical), optical, magnetic

and mechanical nanosensors [15].

1.1.1. Electrical (electrochemical) nanosensors

Electrical (electrochemical) nanosensors are fabricated from electro-active
nanomaterials that exhibit changes in their electrical properties upon interaction
with target analyte. The sensing mechanism is based on detection of the resultant
changes in the electrical signal, such as conductance or resistance, of the
corresponding nanosensor and can be used for analyte quantification. To facilitate
target molecule binding, functionalisation of nanosensors with suitable binding
molecules, such as receptors or antibodies, is required [16-18]. Such
functionalised electrochemical nanosensors have been reported for the detection

of proteins and DNA molecules at concentrations down to fM level [16, 17, 19].
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Nanowires, nanorods, nanoribbons or nanotubes, synthesised from conducting or
semiconducting materials, have been used for the production of wide varieties of
electrochemical nanosensors for biological measurements [17, 20, 21]. Nanowires
are tiny needle-like structures that are fabricated with diameters ranging from 1
nm to 100 nm, smaller than the mammalian cell diameter (~10-20 um), permitting
penetration of nanowires into cells [20]. Silicon nanowires and zinc oxide
nanowires/nanorods have been utilised for the electrochemical detection of
several biomarkers such as pH, calcium, glucose, nucleic acids and proteins [18,
22-24]. In 2001, Lieber and co-workers were the first who reported the use of
silicon nanowires for the real-time detection of biomolecules [22]. Further, silicon
nanowires have been utilised for the intracellular delivery of biomolecules and
measurement of the action potential between live neuronal cells [25, 26].
Nanowires are often grafted onto electroconductive surfaces, such as modified
well plates or suitable chips, e.g. silicon wafer, to permit the passage of electrical
signals. Cells are then grown onto nanowires-modified surfaces to facilitate
penetration of the grafted nanowires into cells [17, 20, 25]. Previous studies have
shown that cells grow onto nanowires-modified surfaces for many weeks without
inhibition of the normal functions of cells [25, 27]. Figure 1.1 illustrates the
penetration of vertical silicon nanowires into cells to detect a specific analyte

inside cells [20].
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Figure 1.1: The microscopical images of cells, grown onto conductive surfaces, modified with
vertical silicon nanowires. The images show that the silicon nanowires penetrate into live cells to
detect a specific analyte [20].

Whilst silicon nanowires have been reported for the fabrication of electrochemical
nanosensors, electroconductive nanoparticles are other class of nanomaterials that
have been developed for the same purpose. Electroconductive nanoparticles are
synthesised via the incorporation of an electro-active material inside an inert
nanoparticle matrix. Changes in the recorded electrical conductance, resulting
upon analyte interaction, are utilised to detect the analyte of interest [28, 29].
Despite the conductive nanoparticles have been reported for biomolecular

detection in the extracellular environments, their utilisation for the intracellular

assays is still challenging due to signal interference with biological fluids [30, 31].

Recently, carbon nanotubes have been reported as efficient tools for drug delivery
applications and biomarker detection [32-34]. Carbon nanotubes are fabricated
from cylinders of graphene sheets, with diameters ranging from 1 to 10 nm and
varying lengths from 50 nm to 1 cm; exhibit interesting mechanical, electrical and

conductive properties [32, 35-37]. Based on their electrical properties, carbon
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nanotubes have been reported for the development of multiple electrochemical

nanosensors for in-vivo measurements [38-40].

Despite  many electrochemical nanosensors have shown very promising
applications for the intracellular assays, some electrochemical nanosensors were
unable to detect molecules in high salt concentrations of physiological solutions

due to signal interference [18, 41].

1.1.2. Optical nanosensors

Optical nanosensors are other type of nanosensors that utilise the unique
properties of light for the quantitative measurements and biological imaging [42].
In general, light properties such as fluorescence, surface plasmon resonance (SPR)
and surface enhanced Raman scattering (SERS) all have been used as sensing
principles for the fabrication of optical nanosensors [43-45]. Based on the type of
the recorded signal, optical nanosensors can be subdivided into two major
subtypes mainly, fluorescent nanosensors and plasmonic (label-free)

nanosensors.

1.1.2.1. Fluorescent nanosensors

Fluorescence-based detection is one of the most common techniques that have
been used in biosensor fabrication and biological imaging. Fluorescence signal
detection is based on recording the intensity of light emitted by a fluorescent
material, after excitation of such material, which is usually detected at longer
wavelength than that used for the excitation. Consequently, any interference from
the incident light or excitation source will not influence the detection of the

emission. Additionally, the intensity of the emitted light is greatly dependent on
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the intensity of the excitation light, which could be increased by using a powerful
excitation source such as light-emitting diode (LED). For these reasons,
fluorescence-based measurements are more sensitive and specific than other
optical techniques such as UV-absorbance or colorimetric-based measurements

[46, 47]. The mechanism of fluorescence process is discussed later in this chapter.

Due to high sensitivity, rapid response and ease of use, fluorescent nanosensors
have been reported as rapid, ultra-sensitive and accurate tools for the
intracellular/biological assays, biomarker detection and cellular imaging [48, 49].
The signal detection in is based on recording changes in the emission signal of the
corresponding nanosensor, due to analyte binding, and can be used for
quantification. According to the nature of the material used for their fabrication,
fluorescent nanosensors can be divided into three major types including fiber-
optic based nanosensors, nanoparticle-based nanosensors and quantum dot-based

nanosensors.

1.1.2.1.1. Fibre-optic based fluorescent nanosensors

The first approaches to develop a fluorescent nanosensor for the intracellular
measurements were performed by Kopelman and co-workers using optical fibres
[50-52]. The nanosensor was designed for the measurement of the intracellular pH
and developed via entrapment of a pH-sensitive fluorophore inside a polymeric
protective matrix, with tip diameters of approximately 20 nm to 100 nm to
facilitate cellular insertion. The matrix of the nanosensor was designed to allow
protons diffusion and prevent releasing of the entrapped fluorophore to the
cellular environment, protecting cells from any unfavoured fluorophore effects.

The resultant changes in the recorded fluorescence signals of the entrapped pH-
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sensitive fluorophore, corresponding to the hydrogen ions concentration, were

utilised for the accurate measurement of the corresponding pH [50, 52].

In fibre-optic fluorescent nanosensors light is transmitted from the fibre end to the
corresponding tip via evanescent waves to deliver the excitation energy to the
fluorescent species located at the fibre tip. Because of the protective fibre matrix
and small tip diameter, which is significantly smaller than the wavelength of light
that used to excite the fluorescent tag, photons cannot escape from the fibre tip to
the external environment. The resultant fluorescence changes, occurring upon
analyte interaction with the fibre tips, are detected and used for quantification [53,
54]. Several fibre-optic fluorescent nanoprobes have been developed for the
detection of multiple target analytes [55-57]. Figure 1.2 is a representative
example for a fibre-optic fluorescent biosensor that has been reported for
detection of a target analyte [58]. In this example, changes in the fluorescence
signal are observed as a result of the Forster resonance energy transfer (FRET)
process. Upon analyte conjugation with the corresponding fluorescent-labelled
antibodies, immobilised onto the fibre tip; the distance required for a detectable
FRET changed which then influence the intensity of fluorescence and can be used

for quantification. Details of the FRET phenomenon are discussed in Chapter 4.
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Figure 1.2: A schematic diagram for a fibre-optic fluorescent biosensor that utilises changes in the
fluorescence signals due to FRET for analyte quantification. Fluorescent-labelled antibodies were
immobilised onto the fibre tip and used as binding ligands [58].

1.1.2.1.2. Nanoparticle-based fluorescent nanosensors

Whilst fibre-optic fluorescent nanosensors protect cells from unfavoured
fluorophore effects such as toxicity and photobleaching, some instances of
substantial cellular damage have been reported [12, 48, 59]. These physical
perturbation and cellular damage occurred during the fibre insertion into cells due
to the initial puncture of cellular membranes [60]. In addition, the ability of fibre-
optic nanosensors to detect the analyte of interest in different cellular regions is
severely limited by the number of fibres that can be inserted inside the cell
without destroying it [48]. Such drawbacks encouraged researchers to develop a

new generation of fluorescent nanosensors for the intracellular measurements.
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In 1998, Kopelman and co-workers introduced the Probes Encapsulated By
Biologically Localized Embedding (PEBBLES) as nanoparticle-based fluorescent
nanosensors for biological applications [48, 55, 61]. PEBBLEs are spherical
fluorescent nanoparticles that typically encapsulate an indicator fluorophore and a
reference fluorophore within a biologically inert matrix, developed within the size
range of 50 nm to 200 nm. Theses spherical sensing probes can be differentiated
from cells, protect them from undesired fluorophore effects, and avoid chemical
interferences [12, 62, 63]. In addition, a large number of nanoparticles can be
inserted inside cells, with minimal cellular disturbance, allowing the simultaneous
target detection within different cellular regions at the same time [62].
Furthermore, PEBBLES are versatile and can be tailored to accommodate many
different sensing elements or modified with several functional groups to facilitate
further molecular conjugation [60, 64-66]. Figure 1.3 is an illustrative diagram
which shows some possible elements that can be entrapped inside the nanoparticle
matrix or grafted onto the nanoparticle surface to create functionalised
nanoparticle [60]. More details on this type of nanosensors are illustrated in

Chapter 2.
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Figure 1.3: lllustrative diagram shows the possible functional groups or sensing elements that can
be grafted onto or entrapped inside the PEBBLES [60].

10
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1.1.2.1.3. Quantum dots (QDs) as fluorescent nanosensors

Quantum dots (QDs) are highly bright, fluorescent materials, fabricated from
semiconductors of size below 20 nm. QDs are often synthesised from cadmium-
selenide core which is coated with zinc sulphide outer shell to mask their toxicity,
enhance water solubility and reduce blinking [67, 68]. QDs absorb photons across
a wide range of wavelengths and emit light at specific wavelengths corresponding
to their size. Furthermore, QDs have been reported for the production of
fluorescent nanosensors and utilised in biological imaging applications [69-71].
The sensing platform is produced via attachment of target-specific binding
molecules, such as antibodies, oligonucleotides or enzymes, to QD surface.
Changes in the emission intensity of QDs, resulting upon target interaction, are

used to quantify the corresponding analyte [72-74].

There are many advantages for using QDs in the development of fluorescent
nanosensors including size control, large Stokes shift and high brightness. There
are, however, some limitations for the application of QDs in biological systems,
such as poor water solubility, potent toxicity and blinking [75-77]. Recently,
many studies have been published to overcome some of such disadvantages and
thus, the utilisation of QDs for the intracellular application is still promising [78-
80]. QDs have been successfully utilised for the detection of cellular biomarkers,
biological compounds and visualisation of sub-cellular organelles as in Figure 1.4
[7]. Furthermore, QDs have been used as efficient fluorescent donors in a number

of FRET-based applications due to their small size [81-83].

11
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Figure 1.4: (A) The emission of five batches of QDs, prepared with different size range and
excited under a UV lamp. (B) The multicolour image of human epithelial cells that were labelled
with these QDs to visualise the sub-cellular organelles. The images were taken from [7].

1.1.2.2. Plasmonic (label-free) optical nanosensors

The unique properties of noble metals, occurring upon their interaction with light,
have been extensively studied in the last few years [84, 85]. Nowadays, noble
metal nanoparticles, especially gold nanoparticles, have been distinguished as
distinct nanomaterials in many research fields including biosensors, drug delivery

systems, disease diagnosis and treatment [86-88].

At the nanoscale level, most materials exhibit interesting properties/phenomena
that cannot be observed in the bulk or individual atoms [89-91]. One of these
phenomena, associated with the noble metal nanoparticles, is localised surface
plasmon resonance (LSPR) [87, 89, 92]. LSPR occurs spontaneously when a light
beam, with a wavelength larger than the nanoparticle diameter, interacts with a
noble metal nanoparticle surface. Consequently, the photons are confined within

the nanoparticle atoms and become in resonance with the outer free conductive

12
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electrons of the nanoparticle atoms, causing these free electrons to oscillate and

induce a SPR close to the nanoparticle surface [89, 93]. Such oscillating electrons
generate strong surface electromagnetic fields which propagate around the
nanoparticle surface as demonstrated in Figure 1.5 [94]. As a result, all radiative
and non-radiative light properties, such as light absorption, fluorescence, energy
transfer, Rayleigh scattering and Raman scattering, are improved [89, 93, 95]. The
resultant phenomena are strongly dependent on the nanoparticle composition,
size, geometry, dielectric environment, particle—particle separation distance and

the refractive index of the medium around the nanoparticle [89, 93, 95].

Electric field

Electron cloud

Figure 1.5: Localised surface plasmon resonance (LSPR) occurs in noble metal nanoparticles due
to light excitation of the outer electrons of the nanoparticle atoms. This process generates
electromagnetic fields that propagate around the nanoparticle surface which further improves other
light functions [94].

LSPR, SERS and nanometal surface energy transfer (NSET) all have been
reported for the development of label-free optical nanosensors [96-99]. In LSPR-
based nanosensors, the intensity of the reflected light by the nanoparticle surface
is recorded using a suitable detector, such as two-dimensional arrays of
photodiodes or a charge coupled detector (CCD). The recorded signal
fluctuations, observed upon target interaction with the nanoparticle, are used to

detect the target analyte [94, 100].

13
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El-Sayed and co-workers have developed an approach for the incorporation of
gold nanoparticles into cancerous cells by endocytosis. Based on the plasmonic
properties of gold nanoparticles, cancerous cells were imaged and differentiated
from noncancerous cells [86]. In addition, based on the LSPR properties of gold
nanoparticles; cell surface biomarkers, which have critical roles in cancer
metastasis, have been detected using antibodies-modified gold nanoparticles
[101]. Meanwhile, optical fibres with tip diameters below 100 nm were attached
to gold nanorods and then functionalised with specific antibodies to detect the
intracellular p53 protein inside the HelLa cells [102]. The light scattering was
recorded using a CCD camera connected to an inverted microscope that was used
for cellular imaging. Based on LSPR, functionalised gold or silver nanoparticles
have been reported in many in-vivo measurements and as contrast agents for

cellular imaging [103-106].

Meanwhile, SERS-based nanosensors have been developed for multiple biological
applications. The signal changes in Raman scattering spectrum were used for the
analysis of the corresponding analyte [107, 108]. Gold/silver core shell
nanoparticles have been used for the development of SERS-based nanosensors for
biomarker detection, single molecule studies and targeting of cancer cells [109-
112]. Recently, the combination of SERS with atomic force microscopy (AFM),
using gold or gold-coated AFM cantilevers, has produced a new technique called
tip-enhanced Raman spectroscopy (TERS). This technique was successfully
utilised for studying different cellular regions, cell topography and ultimately for

single molecules detection [113, 114].

14
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In addition to LSPR and SERS; NSET is another phenomenon that was observed

in noble metal nanoparticles and has been reported in many distance-dependent
energy transfer studies. NSET is based on using a plasmonic nanoparticle as a
fluorescence quencher for a certain fluorophore, separated by a specific distance
from the nanoparticle surface. The signal changes are recorded as the percentage
of fluorescence quenching of the fluorophore and utilised for the assay process
[99]. More details and applications of this phenomenon are discussed in Chapter

4.

1.1.3. Magnetic nanosensors

Magnetic nanosensors are composed from functionalised core/shell nanoparticles,
with a size less than 100 nm, incorporating a super-paramagnetic material such as
iron oxide within their core while the outer shell is an inert polymeric material or
silica shell, to provide a surface for molecular conjugation and improve water
solubility. The key feature of super-paramagnetic nanoparticles is their ability to
exhibit magnetization under the influence of an external applied magnetic field.
Therefore, the spins of the iron atoms that compose the crystal lattice of
nanoparticles core produce a single large localised magnetic dipole which affects
the spins of the surrounding water protons. Consequently, these protons dephase
their spins and shorten their transverse (T,) relaxation time, which can be detected
by a nuclear magnetic resonance (NMR) or magnetic resonance imaging (MRI)

instrument and can be used for quantification [115-117].
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Magnetic nanoparticles can bind to proteins, enzymes, antibodies or
oligonucleotides to target specific analyte or be delivered for imaging cells, organ
or tissue [118, 119]. Previous studies have shown that functionalised super-
paramagnetic nanoparticles can form aggregates upon binding to their
corresponding target. Compared to individual nanoparticles that contain the same
iron oxide concentration, such nanoparticle aggregates can greatly shorten T2
relaxation time of the surrounding water protons as shown in Figure 1.6 [116].
Such controlled aggregation or clustering have been utilised to develop magnetic

nanosensors for the sensitive and accurate biomarker and viral detection [120].
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Figure 1.6: lllustrative diagram shows the shift in the relaxation time (T2) of the water protons
surrounding super-paramagnetic nanoparticles in different states. Aggregation of such
nanoparticles, occurring upon analyte binding, shortens T2 relaxation time of the surrounding
water protons, which can be detected and utilised for target molecule quantification [116].

In addition, super-paramagnetic nanoparticles have been reported as contrast
agents in MRI. The fundamental principle in MRI is that the unpaired nuclear
spins of hydrogen atoms in water and organic compounds align themselves when
placed in a magnetic field. A contrast agent which is able to shorten either the
longitudinal or transverse relaxation time of such water protons can provide an

image with high contrast. Due to the effect of super-paramagnetic iron oxide
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nanoparticles on the spins of water protons; such nanoparticles have been used to
provide high contrast images in MRI scan, permitting deep tissues imaging in

turbid and heterogeneous samples [14, 121].

During the last few years, various magnetic nanosensors have been reported for
several in-vivo applications including drug delivery, cellular imaging and
biomarker detection [116, 119, 122, 123]. However, while magnetic nanosensors
provide exceptional anatomic information and deep tissue imaging, they suffer
from limited spatial resolution which influences the assay sensitivity. To increase
nanosensor sensitivity, combination of fluorescent dyes; especially those emit in
near-IR, with the super-paramagnetic material inside the nanoparticle core yields

excellent spatial resolution and provides sensitive assays [14, 124].

1.1.4. Mechanical nanosensors

Mechanical nanosensors are fabricated from functionalised nano-cantilevers that
are synthesised from piezoelectric materials such as quartz or silicon oxide. The
functionalised nano-cantilevers act as tiny balances and used for the sensitive
detection of target molecules at concentrations down to pM to M level [14, 125,
126]. To develop the nanosensor, the surfaces of the nano-cantilevers are
functionalised with specific ligands to bind the analyte of interest. When the
analyte binds to the immobilised ligands, a marked mass loading occurs,
corresponding to the number of the bound molecules, leading to changes in the
resonance frequency of the nano-cantilevers [126]. In addition, nano-cantilevers
bend due to the surface stress that caused by the target molecules binding.
Changes in the resonance frequency and bending of nano-cantilevers are detected
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using established techniques, such as optical beam deflection, piezoresistivity,
piezoelectricity or capacitance [14, 125, 127, 128]. Figure 1.7 illustrates the use

of a mechanical nanosensor for the detection of biomolecules release [129].
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Figure 1.7: In-vitro detection of target biomolecules using functionalised mechanical hanosensor.
The method can be used for the real-time detection of biomolecules release [129].

However while mechanical nanosensors have been reported for the real-time
detection of biomolecules, their application in in-vivo clinical studies is limited
[127, 130-132]. This because of the sensitivity of detection in fluid; the ideal
condition for biological detection, is greatly affected by fluid viscosity and thus,
most of mechanical nanosensors have been used to detect biomolecules in vacuum
[14]. Recently, the Manalis research group has developed a mechanical
nanosensor for the detection of the activated leukocyte cell adhesion molecule, a
model cancer biomarker, using nano-cantilevers that were suspended in
microfluidic chamber [133]. A similar approach for the ultrasensitive detection of
other tumour markers in the serum of breast cancer patients has been reported

[134].
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1.2. Nanosensor characterisation

Generally, an ideal nanosensor should have sufficient physicochemical properties
and sufficient measurable signals. The physical properties of nanosensor are
determined by the nature of the material used to fabricate the nanosensor and can

be described in the terms of size, shape, electrical surface charge and dispersion.

The work described within this thesis focuses on fabrication of nanoparticle-based
fluorescent nanosensors for biological applications; therefore the basics of some
techniques that are used for characterisation of such nanosensors are illustrated in
the following sections. Characterisation of the physicochemical properties of the
nanoparticles that are utilised to fabricate the nanosensors can be used to describe
the properties of the corresponding nanosensor [60, 135]. In addition, detection of
the optical properties (fluorescence signals) is used to determine the assay
procedure.

Tools such as dynamic light scattering (DLS) and electron microscopy are used to
identify the physical/morphological properties of nanosensors while fluorescence
spectroscopic measurement tools are used to detect their optical (fluorescence)

signal to establish the assay process.

1.2.1. Dynamic light scattering (DLS)

DLS is a reliable and rapid characterisation technique for the measurement of
hydrodynamic diameter, size distribution and detect dispersity of nanoparticles.
Additionally, the same instrumentation can be used for the measurement of
electrical charge (zeta potential) on the nanoparticle/nanosensor surface, as

illustrated in the following text.
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1.2.1.1. Measurement of the hydrodynamic diameters using DLS

When a particle, with a definite size, is suspended in a suitable medium, this
particle behaves like an inert sphere that moves with a surrounding solvent layer.
The total particle diameter, comprised of the actual particle size and the
surrounding solvent layer, is called the hydrodynamic diameter and can be
measured by a DLS instrument. Accordingly, due to the solvent layer around the

particle, a slightly larger size than the actual size is detected by DLS [136].

A typical DLS instrument uses a light beam, usually laser, to irradiate the surface
of moving particles to induce particle polarisation (dipoles). The polarised
particles scatter light at the same wavelength of the incident light and propagate in
all directions (Rayleigh or Mie light scattering) with intensity proportional to the
particle diameter. As the suspended nanoparticles are not stationary, they undergo
random Brownian motion within the suspending medium. The velocity of this
Brownian motion is dependent on the particle shape, hydrodynamic diameter,
concentration of the solution, viscosity of the solvent and temperature [136, 137].
DLS instrumentation detects the intensity of the scattered light and the rate at
which the intensity of the scattered light fluctuates due to the Brownian motion
and correlate the detected signals overtime. Analysis of these signals is performed
by the instrument software and utilised to compute the hydrodynamic diameter of
the suspended particle using the Stokes-Einstein’s velocity law where:

dy = KT/3 ™D Equation 1.1 [138]
Where dy is the hydrodynamic diameter of the particle, K is Boltzmann’s
constant, T is the absolute temperature,  is the viscosity and D is the diffusion

coefficient.
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1.2.1.2. Measurement of zeta potential by DLS

Zeta potential value is used to assess the electrical charges on the nanosensor or
nanoparticle surface and to confirm surface functionalisation or modification with
a certain chemical group that can alter surface charges. Furthermore, zeta
potential measurement is used to determine the colloidal stability properties of
nanoparticle suspension and the tendency of suspended nanoparticles to aggregate
[139]. The higher the zeta potential value (either in negative or positive), the more
stable nanoparticle in suspension due to the electrostatic repulsion between

nanoparticles that have similar surface charges [140].

Theoretically, application of an electric current onto a suspended particle induces
this particle to move towards a specific direction with a definite velocity
(electrophoretic velocity), rather than undergoing the random Brownian motion
[139]. The electrophoretic velocity is dependent on the strength of the applied
electric field, dielectric constant of the liquid, viscosity and electrical charge on
the particle surface. A DLS instrument, such as Malvern Nanosizer®, applies a
constant electrical field to the suspended particles to induce the electrophoretic
motion. The rate of this motion is detected and utilised to calculate the zeta
potential value of the suspended particles using Henry’s equation (Equation 1.2)
[139, 141].

Ug =2¢e(f(k)/3n Equation 1.2 [139]
Where Uk is the electrophoretic mobility, € is the dielectric constant, { is the zeta

potential, 1 is the liquid viscosity and f(k) is Henry’s function [139, 141].
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1.2.2. Electron microscopy for nanoparticle characterisation

Whilst DLS technique is used to measure the hydrodynamic diameters or size
range of nanoparticles/nanosensors, electron microscopy is used to directly detect
their ultimate size and shape. Scanning electron microscope (SEM) and
transmission electron microscope (TEM) are commonly used for nanoparticle
imaging to detect the corresponding morphological properties [138]. Both
microscopes focus electron beams onto a sample to produce signals that can be
detected and utilised to generate an image for the captured sample. The resulting
image is then used to calculate the size and determine the shape and nanoparticle

distribution.

1.2.2.1. Scanning electron microscope (SEM)

Scanning electron microscope (SEM) applies beams of accelerated electrons,
usually emitted from a heated tungsten filament, with energy from 1 KeV to 30
KeV, to hit the surface of a bulk specimen placed onto a specific holder within a
vacuum. Once these electron beams reach the surface of nanoparticle sample, they
interact with the sample atoms and most of these electrons are scattered, back-
scattered and produce other signals, such as secondary low energy electrons and
X-rays, depending on the sample topography and composition. All the resultant
signals across the specimen surface are collected and recorded by a suitable
detector and then transferred to a scanner which converts such signals into pixels

to establish an image for the captured specimen [138].
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In the conventional SEM microscope, the sample is placed within a low pressure
vacuum and thus, any solvent or water molecules must be removed during sample
preparation and before the imaging process. In addition, the conventional SEM
requires the samples to be conductive or coated with a layer of a conductive

material, such as gold or platinum.

It has been reported that, utilising the conventional SEM for imaging polymeric
hydrogel samples is not appropriate due to destruction of such materials by the
low pressure vacuum [142]. A great advance in the electron microscopy is the
environmental SEM (eSEM) which can be used for imaging degradable polymeric
materials and environmental samples. This is because the eSEM permits sample
imaging in low-vacuum, humid conditions, providing milder conditions than that
required for the conventional SEM. In addition, eSEM does not require the

samples to be conductive [138, 143, 144].

1.2.2.2. Transmission electron microscope (TEM)

Transmission electron microscope (TEM) focuses accelerated electrons beams on
a thin sample film, placed onto a conductive mesh. In contrast to SEM, TEM has
extremely high resolution due to the focused electrons have high energy from 100
KeV to 300 KeV. Due to this high energy, electrons can penetrate throughout the
sample and interact with the specimen as it passes through it to provide
information about the internal structure of the samples. The transmitted electrons
resulting after sample penetration are collected, converted into measurable
signals, magnified and focused onto a suitable imaging device, such as fluorescent
screen, to produce an image for the captured sample. TEM has been utilised for

imaging objects with a size down to 0.2 nm [138, 145].
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1.2.3. Fluorescence spectroscopy

The main principle for the development of a fluorescent nanosensor is based on
recording the fluorescence signal changes, resulting upon target analyte
interaction. The fluorescence process is defined as light emission by a substance
that has absorbed light photons during its ground state. The fluorescent substance
is named a fluorophore while the excitation and emission maxima are the typical
terms that are used to define fluorophore properties. The distance between these
two maxima is known as the Stokes shift [146, 147]. The fluorescence process is
highly dependent on the chemical structure of the substance and occurs
significantly in substances with delocalised electrons, as in systems containing

conjugated double bonds [146, 148].

The fluorescence can be easily demonstrated by the Jablonski energy diagram that
shows the possible consequences of a particular molecule after interaction with
photons, as represented in Figure 1.8 [146]. When photons with a specific energy
are applied to a certain molecule in the ground state, the molecule absorbs photons
energy and utilises the absorbed energy to excite an electron; this molecule is then
described as ‘an excited molecule’. The excited electron transfers from a lower
energy level (ground state) to a higher energy level (excited state) due to
absorption of the applied photons energy, as represented by the green lines
between the electronic ground energy levels and the excited singlet energy levels
on Figure 1.8. Once an electron is excited, several consecutive processes may

occur depending on the pathway of this excited electron [146, 148, 149].
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Figure 1.8: The Jablonski energy diagram shows the process of light absorption and the possible
pathways for the excited molecule. Image was taken and modified from [146].

As illustrated in Figure 1.8, the first pathway for the excited electron is through
vibrational relaxation (VR), which is assembled by the curved black arrows within
the vibrational energy levels. The absorbed energy may stay within the same
molecule or transferred to another nearby molecule, close to the excited one,
depending on the nature of surrounding medium. This process is very fast,
extremely likely to occur immediately following to the absorbance within

10 and 10" seconds.

The second pathway for the excited electron is referred as internal conversion
(IC), as indicated by a curved black arrow in Figure 1.8. This process occurs
when an excited electron transfers from one vibrational high energy level to
another vibration level with a lower electronic state, this process is

mechanistically identical to VR process.
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The most important pathway for the excited molecule occurs through the emission
of the absorbed photons at a longer wavelength. This process is known as
fluorescence and assembled by the red arrows on the Jablonski diagram (Figure
1.8). Fluorescence takes place due to return of the excited molecule to the ground
state and occurs within 10® seconds. The maximum emission wavelength is
constant for each particular substance while changes in the intensity of the emitted
light are used for the quantitative assays. Due to high sensitivity, simplicity and
ease of detection, fluorescence-based techniques have been utilised in several
biological studies including cellular imaging, genome studies and single molecule

studies [146-148, 150].

In addition, the process of intersystem crossing, which is indicated by the
coloured curved arrows on the diagram (Figure 1.8), may occur when the excited
electron changes the spin from an excited singlet state to an excited triplet state.
Intersystem crossing leads to another interesting route where the excited electron
returns to the ground electronic state through emission of photons. This process is
called phosphorescence which is very similar to the fluorescence but takes longer
time ranging from milliseconds to seconds. Phosphorescence occurs as a result of
transition of the excited electron from an excited triplet state to a singlet ground
state and accompanied by photons emission, as shown by a blue arrow on Figure
1.8. Fluorescence and phosphorescence are parts of a big process of light emission
that named ‘luminescence’ which plays crucial roles in several biological

processes, analytical techniques and medical diagnosis.
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Today, fluorescence detection tools have become indispensible in many
biological, analytical and clinical laboratories for various daily applications.
Spectrofluorometers, fluorescence microscopes, flow cytometers and fluorescence
scanners are the most common instruments for fluorescence detection. Each of
these instruments consists of four basic units; light source, monochromator or
filter, sample holder and detector. The light source is usually laser, xenon lamp,
mercury vapour lamp or LED, which is used to excite the fluorescent molecules.
The fluorescent sample is placed in a suitable sample holder. The function of
monochromator/filter is to select the optimum excitation/emission wavelengths
that cross through the sample to the detector, which in turn, converts the collected
signals into measurable signals. The data obtained from fluorescence
measurement is represented as fluorescence spectra, peaks or fluorescent images

depending on the used detection tool [146, 150, 151].
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1.3. Thesis structure and layout

The overall aim of this thesis is to develop fluorescent nanosensors, fabricated
from bio-friendly materials (polyacrylamide or silica matrix), for real-time
detection and biological assays. The main intention for the production of such
nanosensors is to use them for the detection of important biological markers such

as the intracellular pH, DNA hybridisation and interferon gamma.

Chapter 2 describes the development, fabrication and characterisation of size-
tuneable ratiometric fluorescent nanosensors for the measurement of pH changes

over an extended dynamic range.

Chapter 3 discusses the real-time measurement of the intracellular pH of yeast
cells during glucose metabolism using the optimised nanosensors that were

prepared in Chapter 2.

Chapter 4 deals with the study of fluorescence energy transfer/quenching process

over different distances using core-shell fluorescent nanoparticles.

Chapter 5 illustrates the quantitative assay of DNA hybridisation process and

interferon gamma using aptamer-based fluorescent nanosensors.

Chapter 6 summarises the conclusions of this thesis and defines the potential

future work.
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Chapter Two

Development, fabrication and characterisation of
size-tuneable ratiometric fluorescent pH
nanosensors for measurement of pH over an

extended dynamic range
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2.1. Introduction

2.1.1. Nanosensor fabrication

Fluorescent organic dyes have been extensively used in many analytical,
biological and clinical applications for biomarkers detection, non-invasive cellular
tracking and biological imaging [152-154]. Despite this, many fluorescent dyes
exhibit short life-times, weak fluorescence signals, toxicity and high susceptibility
to photobleaching which limiting their use for the long-term detection [155, 156].
Additionally, free fluorophores have also been found to interact with cellular
components which hinder their sensing capabilities and/or initiates cellular
toxicity [60]. In comparison, due to their inert matrix, signal stability and
comparable size, fluorescent nanosensors provide favoured tools for the real-time
and long-term detection of biomolecules, chemical compounds, cellular tracking

and accurately characterisation of sub-cellular compartments [157].

PEBBLESs have been introduced as fluorescent nanoparticles that are synthesised
from biofriendly inert materials, such as polyacrylamide or silica, encapsulating
fluorophores within their inert matrix [48, 55, 61, 158]. Due to low cost of
preparation, ease of synthesis and size control, fluorescent nanosensors that
fabricated from polyacrylamide or silica matrix have been extensively used in

many biological and diagnostic applications [159-161].
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2.1.1.1.  Polyacrylamide nanosensors

Polyacrylamide nanosensors are biologically inert, porous and hydrophilic
nanomaterials, fabricated from polyacrylamide nanoparticles (PANPs) that have
been widely applied for the detection of several biological and cellular biomarkers
[63, 159, 162-164]. PANPs are synthesised via free-radical polymerisation
reactions which take place within the aqueous phase of an inverse microemulsion
[64, 165]. The inverse microemulsion consists of nanometre size-controlled water
droplets dispersed within a non-aqueous continuous hexane phase and stabilised
by anionic and non-ionic surfactants, such as dioctyl sodium sulfosuccinate
(AOT) and Brij 30®. Polymerisation of acrylamide monomers with acrylamide
cross-linker; N,N’- methylenebisacrylamide; both of hydrophilic nature, produces

uniform PANPs in the size range from ~50 to 200 nm [12].

Free-radical polymerisation reaction is initiated by addition of ammonium
persulfate (APS) and N,N,N’,N’-tetramethyl-ethylenediamine (TEMED) which
act as a free-radical generating system. TEMED accelerates the rate of APS free-
radical formation to convert acrylamide monomers into activated acrylamide free-
radicals which in turn, react with other acrylamide monomers to initiate the
polymerisation chain reaction. Figure 2.1 shows a schematic diagram for the

synthesis of PANPs using an inverse microemulsion polymerisation process.
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a) Reverse microemulsion formation
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Figure 2.1: Hlustrative diagram shows the synthesis of polyacrylamide nanoparticles (PANPS) via
free-radical polymerisation reaction. The reaction takes place inside nanometre water droplets,
stabilised by surfactants, within an inverse microemulsion.

During the polymerisation step, many elements including fluorescent dyes, drugs
and oligonucleotide sequence can be attached to or incorporated inside PANPs
[64, 65, 164, 166, 167]. The polymerisation process is inhibited by oxygen which
can react with APS free radicals; therefore, synthesis of PANPs must be
performed in an oxygen-free atmosphere. By the end of the synthesis, PANPs are
washed with ethanol to remove the excess surfactants, dried and stored for further
use.

Fluorescent polyacrylamide nanosensors are fabricated from fluorescent PANPs
(f-PANPs) which can be produced via incorporation of fluorophores within the
nanoparticle matrix [63, 64, 164]. One of the effective methods for fluorophore
incorporation is via the physical entrapment (non-covalent trapping) of

fluorescent molecules within the pores of the nanoparticle matrix [162]. Because
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fluorescent molecules are usually too small to be trapped inside the matrix pores,
fluorophore conjugation to another significant molecule (e.g. dextran, 10 KDa) is
preferred to give a dye-conjugate that can be retained inside the nanoparticle pores
[63]. This entrapment produces fluorescent nanoparticles with sufficient optical
properties; however, instances of dye leaching from the nanoparticle matrix have
been reported [48, 168, 169]. To overcome this problem, covalent binding of
fluorescent molecules to the nanoparticle matrix has been established [137]. This
covalent conjugation can be performed through functionalisation of the
nanoparticle matrix with a chemical group that can covalently bind to a
corresponding reactive moiety on the fluorescent molecule [169]. Alternatively, a
chemically active acrylamide monomer, such as N-(3-aminopropyl)
methacrylamidehydrochloride (APMA) is conjugated to the fluorophore to
produce acrylamide-fluorophore conjugate. Such APMA-fluorophore conjugate
can be polymerised with acrylamide monomers during the nanoparticle synthesis
to produce f-PANPs that are covalently linked to fluorescent molecules [137].
Figure 2.2 shows the covalent conjugation of amino-acrylamide monomer
(APMA) with N-hydroxyl succinimidyl ester derivative of a certain fluorophore
(R) to produce APMA-fluorophore conjugate which is then used for the synthesis

of f-PANPs, covalently linked to the fluorophore.
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Figure 2.2: The conjugation reaction between amino-acrylamide monomer (APMA) and N-
hydroxyl succinimide ester derivative of a fluorophore to produce APMA-fluorophore conjugate
that can be used for the production of f-PANPs. R = chemical structure of fluorophore.
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2.1.1.2.  Silica nanosensors

Whilst many polymeric nanoparticles have a tendency to aggregate and swell in
the presence of some solvents which could lead to deformation of nanoparticle
shape, loss of nanoparticle structure and cause dye leaching [170, 171]. In
contrast, silica nanoparticles (SNPs) are produced from a rigid matrix that can
resist solvent swelling and maintain their morphological properties [160, 172].
Additionally, due to the versatile chemistry of silane and improved colloidal
properties, SNPs provide a desirable nanosensor matrix [170, 171, 173]. SNPs can
be functionalised with several functional groups, such as amine, carboxylic acid,
azide, alkyl and PEG, to facilitate further binding of biomaterials/ligands to SNPs

surface [174-176].

Synthesis of SNPs was firstly described by Stéber and co-workers in 1968 using a
two-step reaction; hydrolysis and condensation, using ammonium hydroxide
(NH4OH) as a catalyst [177]. The process of SNPs synthesis takes place via fast
hydrolysis of a silica alkoxide precursor, usually tetraethyl orthosilicate (TEOS)
in alcoholic medium, to form silanol monomers which are then combined
(condensed) together to produce a network of uniform and monodispersed SNPs
(Figure 2.3). According to the Stober study, the average size of the resultant
SNPs can be controlled by varying the initial concentration of each

reactant/catalyst [177].
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Figure 2.3: Synthesis of silica nanoparticles (SNPs) by the Stéber method. The synthesis is
performed via hydrolysis and condensation of a silica alkoxide precursor; tetraethylorthosilicate
(TEOS), in alcoholic medium using ammonium hydroxide (NH,OH) as a catalyst.

Fluorescent silica nanoparticles (f-SNPs) are produced through covalent binding
of fluorescent molecules to SNPs matrix. This covalent linking is performed via
conjugation of a chemically active silane compound, such as 3-aminopropyl-
triethoxysilane (APTES), with fluorophores to produce APTES-fluorophore

conjugates which are then used to form covalent bonds with the nanoparticle

matrix [178].

An alternative to the Stdber method, a reverse microemulsion has been reported
for the synthesis of SNPs [179, 180]. In this method, synthesis of SNPs takes
place inside nanometre water droplets that are formed within a non-aqueous
microemulsion. The size range of SNPs, produced by this method, is determined
by the nature of the surfactant, hydrolytic reagent, pH, temperature and reaction
time. Despite the size of SNPs, produced by the reverse microemulsion method, is
comparable to that produced by the Stéber method, the reverse microemulsion
process is time consuming, more complicated, produces low nanoparticle yield
and requires a number of reagents. In addition, removal of the surfactants from

SNPs and controlling the nanoparticle size and morphology are difficult [181].
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2.1.2. Ratiometric fluorescence pH nanosensors

To develop a nanoparticle-based fluorescent pH nanosensor, a pH-sensitive
fluorophore is encapsulated within the nanoparticle matrix. The main criterion for
the selection of such pH-sensitive fluorophore is determined by the pKa value of
this fluorophore which limits the capability of the nanosensor to detect pH

changes within two pH units, where pH=pKa+1 [182, 183].

Commercially available pH-sensitive fluorophores, such as 5(6)carboxy-
fluorescein (FAM), carboxy-SNARF-1 and Oregon Green® (OG), have been used
in many analytical and biological applications. FAM and carboxy-SNARF-1 have
been used to detect pH in near-neutral or slightly alkaline pH ranges where the
pKa of such fluorophores is either ~6.4 or 7.0 for FAM or carboxy-SNARF-1,
respectively [184]. Meanwhile, many cell types, such as the centre of tumour,
yeast cells, and some cell organelles (e.g. lysosomes), exhibit acidic pH values
[185, 186]. Accordingly, it is inappropriate to use these fluorophores (FAM or
SNARF-1) for the measurement of the pH of such cells/organelles where the pH
value of such cell type could be outside the effective fluorophore pH range.
Another pH-sensitive fluorophore with a lower pKa, such as OG (pKa ~4.6), may
provide an alternative fluorophore to measure the slightly acidic pH range.
However, this fluorophore is only effective within pH from 3.5 to 5.5, where

pH=pKaz+1 [63, 137, 187].

It is obvious that, utilisation of a single fluorophore to measure the pH will not
cover the entire biological/physiological pH of many cells or organisms which lies
between pH 4.5 and pH 8.1, depending on the cell type or organelle [188-191].

As a result, combination of two pH sensitive fluorophores, such as OG 488 and
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FAM, could provide favoured probes for the detection of pH changes over an
extended dynamic range due to the merged activity of both fluorophores.
Additionally, a great advantage for this combination is that both fluorophores
have almost the same excitation (~488 nm) and emission maxima (~520 nm),

permitting the pH detection at the same wavelength [63, 137, 187].

However, depending on direct fluorescence measurements for pH detection may
give inaccurate and non-robust data. This is due to the inherent drawbacks of
direct fluorescence measurements; such as fluctuations of light intensity source,
dye-photobleaching, and the effects of concentration and orientation of the
indicator fluorophore [192]. To overcome these drawbacks, ratiometric
fluorescence measurements have been successfully established to correct the
recorded fluorescence signals and to provide reliable and accurate measurements

[63, 137].

Ratiometric fluorescence measurements are based on using the ratio of the
intensity of two fluorescence peaks instead of the absolute intensity of one peak.
Therefore, the resultant ratio would be constant regardless the orientation or
concentration of the fluorophores [193, 194]. To develop a ratiometric fluorescent
pH nanosensor, a reference pH-insensitive fluorophore is combined with an

indicator pH-sensitive fluorescent dye as illustrated in Figure 2.4.
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Figure 2.4: A schematic diagram for a ratiometric fluorescent pH nanosensor, composed of an
inert nanoparticle matrix, encapsulating a pH-sensitive fluorophore and a reference fluorophore
within the same matrix.

Examples for the reference pH-insensitive fluorophores are those derived from
rhodamine, such as 5(6)-carboxytetramethylrhodamine (TAMRA). Such pH-
insensitive fluorophores exhibit excitation and emission maxima at ~550 nm and
575 nm which can be distinguished from the emission maxima of OG or FAM.
Accordingly, to fabricate a ratiometric fluorescent pH nanosensor for the
detection of pH over an extended range, two pH-sensitive fluorophores, such as
OG and FAM, are combined with a reference pH-insensitive fluorophore such as
TAMRA. The combination of two pH-sensitive fluorophores, have different pKa,
is utilised to extend the effective dynamic pH range of the nanosensor while the
reference fluorophore is used to provide ratiometric fluorescence measurements
[63, 137, 187]. Figure 2.5 shows the chemical structures of OG, FAM and

TAMRA.

Figure 2.5: Chemical structure of Oregon Green® 488 (OG), 5-(and-6)-carboxyfluorescein (FAM)
and 5-(and-6)- carboxytetramethylrhodamine (TAMRA).
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Calibration curve for the ratiometric fluorescent pH nanosensor is constructed by
calculating the ratio between the fluorescence intensities of the indicator
fluorophore/s and reference fluorophore, measured in different pH values. The
typical behaviour of this calibration curve is usually sigmoidal in shape while the
effective dynamic pH range of the nanosensor is considered as the region between
the minimal and maximal response of this sigmoidal curve. The fitting equation of

ratiometric calibration curve can be established using Equation 2.1 [63, 137].

log 10 (Rpax=tnin 1
—_ i min
pH = 5 + pKa

Equation 2.1 [63, 137]

Where R; is the ratio between the fluorescence of indicator/reference
fluorophores, Ruyin and Rmax are the minimum and maximum responses of the
nanosensors, respectively, pKa is the point corresponding to half of the response
of the ratiometric nanosensors and b is the slope of the linear part of the

responsive calibration curve.

Using similar approaches for such ratiometric fluorescence measurements, several
ratiometric fluorescent nanosensors have been reported for the detection of many
analytes including oxygen free radicals, zinc ion and other biomolecules [195-

197].
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2.2. Aim

Recently, studies have been published on the development of ratiometric
fluorescent polyacrylamide nanosensors for the pH detection over an extended
dynamic range [63, 137]. Based on this work, the general aim of this chapter is to
synthesis such polyacrylamide pH nanosensor to improve the physicochemical
properties of such nanosensor. In addition, to fabricate size-tuneable ratiometric
fluorescent pH nanosensors, composed from silica matrix, for the detection of pH

over a wide dynamic pH range.

The main intention for the production of such nanosensors is to use them for the
real-time measurement of the intracellular pH of yeast cells during glucose

metabolism as discussed in Chapter 3.

The first aim of Chapter 2 is to synthesise and characterise ratiometric fluorescent
polyacrylamide pH nanosensors, using the previously protocol that was reported
and optimised [137]. Additionally, enhancement of the physical properties of
these nanosensors through functionalisation with a positively-charged group and

study this effect on cellular uptake is illustrated in Chapter 3.

The second aim of this chapter is to establish and optimise a reproducible protocol
for the synthesis of size-tuneable SNPs, which is then used to produce ratiometric
fluorescent silica pH nanosensors for the pH detection over an extended dynamic
range. Tuning the size of the developed SNPs and the pH response of the
corresponding nanosensor are investigated and optimised. Successful fabrication
of such nanosensors may enable their application for measurement of the pH

value of many biological systems and cell types.
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2.3. Experimental

2.3.1. Materials and chemicals

The succinimidyl ester derivatives of Oregon Green® 488 (OG), 5-(and-6)-
carboxyfluorescein ~ (FAM) and  5-(and-6)-carboxytetramethylrhodamine
(TAMRA) were obtained from Invitrogen, USA. Acrylamide 99% minimum, N,
N’ methylenebis(acrylamide) (bisacrylamide), polyoxyethylene(4) lauryl ether
(Brij 30®) were purchased from Fluka Analytical, UK. N-(3-
aminopropyl)methacrylamide hydrochloride (APMA) and 3-acrylamido propyl
trimethylammonium hydrochloride (ACTA) were obtained from Polysciences Inc,
Germany. Dioctyl sulfosuccinate sodium (AOT), ammonium persulphate (APS),
N,N,N,N-tetramethylethylenediamine (TEMED), hexane, sodium borate and
ethanol absolute (99.5%) were obtained from Fisher Scientific, UK. Tetraethyl-
orthosilicate (TEOS, 99%), (3-aminopropyl) triethoxysilane 98% (APTES), citric
acid monohydrate, sodium dihydrogen phosphate and disodium hydrogen
phosphate were purchased from Sigma-Aldrich, UK. Ammonium hydroxide
solution (28-30%, NH,OH) was obtained from Acros Organics, USA. Deionised
water (18 MQ.cm) was used throughout the present work. Unless otherwise
mentioned, all the chemicals that used throughout this study were of analytical

grade.
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2.3.2. Fabrication of polyacrylamide nanosensors [137]
2.3.2.1.  Covalent conjugation of fluorophore to APMA
Briefly, 5 mg of APMA was dissolved into 2.5 mL of sodium borate buffer (50
mM, pH 9.50) and then 200 pL of this solution was added to 1 mg of the
succinimidyl ester derivative of each fluorophore (OG, FAM and TAMRA),
prepared into separate vials. The reaction mixtures were stirred for at least 24

hours in the dark at room temperature and then stored at 4° C until further use.

2.3.2.2.  Preparation of f-PANPs

Into a 250 mL round bottom flask, 1.590 g of AOT and 3.080 g of Brij 30 were
mixed together and purged under argon for 15 minutes followed by addition of 42
mL of deoxygenated hexane that had previously purged with argon for at least 30
minutes. The flask was sealed under inert argon atmosphere using a balloon with
continuous stirring. Following this, 540.0 mg of acrylamide and 160.0 mg of
bisacrylamide, dissolved into 1.5 mL of deionised water, were added to the sealed
flask using a syringe. APMA-fluorophore conjugates, purged with argon, were
then added using 15 puL of OG-APMA, 15 puL of FAM-APMA and 60 pL of
TAMRA-APMA, by a syringe. Finally, 30 pL of APS (10% wi/v) and 15 pL of
TEMED were added and the stirring was continued for 2 hours in the dark under
sealed argon atmosphere. The reaction was halted by removing the stopper and
exposing the flask content to air. To isolate the synthesised f-PANPSs, hexane was
removed by rotary evaporation at 30° C and then 30 mL of ethanol was added to
the flask content. The mixture was transferred into a 50 mL falcon tube and
centrifuged for 10 minutes at 6000 rpm. Washing with 30 mL ethanol was

performed 5 times and in the last wash, 10 mL of ethanol was added and removed
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by rotary evaporation at 30 °C. The dried nanoparticles were stored at -20 °C until

further use.

2.3.2.3.  Synthesis of positively-charged polyacrylamide nanoparticles (p-

PANPS) [142]

The same procedure, described for the preparation of f-PANPs, was followed.
Prior to the addition of acrylamide and bisacrylamide to the sealed flask, 5% of
acrylamide monomers and bisacrylamide were replaced by ACTA (75% wi/v). In
this step, 513.0 mg of acrylamide, 152.0 mg of bisacrylamide and 119 pL of
ACTA (75% w/v) were dissolved into 1.5 mL water and then added into the
sealed flask containing the surfactants and hexane mixture then the procedure was

followed as described for the synthesis of f-PANPs.
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2.3.3. Fabrication of silica nanosensors

2.3.3.1.  Fluorophore conjugation to APTES [198]

Before the synthesis of f-SNPs, accurately weighed 1.0 mg of the succinimidyl
ester derivatives of OG, FAM and TAMRA were dissolved separately into 1 mL
of absolute ethanol and stirred with excess molar volume of APTES, for 24 hours
in the dark. Fluorophore-APTES conjugates were stored in the dark at 4 °C until

further use.

2.3.3.2.  Optimised procedure for the production of SNPs

Preparation of plain silica nanoparticles (p-SNPs): Into a scintillation vial, 16.75

mL of absolute ethanol was mixed well with 0.75 mL of NH,OH (28-30% w/v),
for at least 30 minutes. Following this, 500 uL of TEOS was added drop-wise to
ethanol-NH,OH mixture, with continuous stirring for 24 hours at room
temperature. The vial content was centrifuged at 6000 rpm for 30 minutes and
washed three times with 30 mL of absolute ethanol to collect p-SNPs. After the
final washing step, the suspension containing nanoparticles was transferred into a
50 mL rounded bottom flask to evaporate ethanol using a rotary evaporator at 30

°C and then the dried nanoparticles were stored at 4 °C.

Preparation of f-SNPs: The same procedure for the preparation of p-SNPs was

followed. Prior to the addition of TEOS, 40 pL of OG-APTES, 40 pL of FAM-
APTES and 80 pL of TAMRA-APTES were added to the mixture and stirred for
24 hours in the dark. Following this, 500 pL of TEOS was added drop-wise to the
reaction mixture and the protocol was followed as described for the preparation of

p-SNPs.
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2.3.3.3.  Synthesis of amino silica nanoparticles (amino-SNPs) [199]

10 mg of f-SNPs were suspended into 1.0 mL of ethanol followed by addition of
18 uL of APTES. The reaction mixture was stirred for 2-4 hours, in the dark at
room temperature, followed by centrifugation and washing, for three times using

phosphate buffer.

2.3.4. Characterisation of the nanosensors

The hydrodynamic diameters, size distribution and zeta potential values of the
synthesised PANPs and SNPs were measured Malvern Zetasizer Nano Il DLS
instrument. eSEM (Philips XL30 FEG ESEM) and TEM (JEOL 2000 FX Il EM)
were utilised for imaging SNPs. Fluorescence intensities of the developed
nanosensors were recorded on a Varian Cary Eclipse fluorescence
spectrophotometer at the selected excitation and emission maxima of each

fluorophore.

2.3.4.1.  Physical properties characterisation of polyacrylamide nanosensors

The hydrodynamic diameters of the synthesised PANPs were measured by DLS
using suspensions of either f-PANPs or p-PANPs (1.0 mg/mL), prepared in
deionised water and sonicated for 15 minutes. The same suspensions were utilised

to measure the zeta potential using disposable zeta potential cuvettes.
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2.3.4.2.  Physical properties characterisation of silica nanosensors

The hydrodynamic diameters of each batch of SNPs were measured by DLS using
20 pL of the original suspensions that contain SNPs, produced after the
nanoparticle synthesis. The volumes were made to 3 mL with deionised water
followed by measurements of the hydrodynamic diameters of the corresponding

SNPs batch.

To measure the zeta potential of p-SNPs, f-SNPs or amino-SNPs, 0.5 mg/mL of
the corresponding nanoparticles were suspended in deionised water and sonicated
for at least 1 hour followed by measurements of zeta potential using Malvern

Zetasizer Nano |1 DLS instrument.

For eSEM and TEM imaging of the optimised p-SNPs and f-SNPs, 0.1 mg of the
optimised SNPs batches were suspended separately into 1 mL of deionised water
and sonicated for at least 1 hour. For eSEM imaging, 15 pL of each nanoparticle
suspension were deposited onto separate glass cover slips, attached to black eSEM
stubs. The samples were dried overnight followed by coating with platinum for 12

seconds and then the samples were imaged by eSEM (Philips XL30 FEG ESEM).

For the TEM imaging, the suspensions of SNPs were deposited onto the TEM
copper grids. The images were taken using 200 keV under nitrogen atmosphere by

JEOL 2000 FX Il EM TEM microscope.
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2.3.4.3.  Fluorescence detection and establishment of calibration curves

Fluorescence intensities of the pH-sensitive fluorophores (OG and FAM) were
measured at maxima 520 nm after excitation at 488 nm while the fluorescence of
TAMRA was recorded at emission wavelength of 577 nm after excitation at 545

nm.

Into separate scintillation vials, 1 mg/mL of polyacrylamide nanosensor and 0.5
mg/mL of the optimised silica nanosensor were suspended in Mcllvain buffer (0.1
M citric acid and 0.2 M disodium hydrogen phosphate), prepared with pH values
from pH 2.5 to 85 and measured by a pH meter [200]. The suspended
nanosensors were sonicated for at least 30 minutes followed by measurements of
the fluorescence signals of each incorporated fluorophore using the corresponding
nanosensor in different pH values. The fluorescence intensities of each
fluorophore were normalised against blank samples of buffers where no

nanosensor was added.

To establish the normalised calibration curves of the corresponding nanosensor,
the ratios between the normalised fluorescence intensities of OG or FAM to that
of TAMRA, measured in different pH values, were calculated. The normalised
calibration curves for the nanosensors were fitted as a function between the mean
of the ratiometric fluorescence intensities, measured at 520 nm and 577 nm
(Is20/577), against the corresponding pH value. Microsoft Excel® software was used

for the data analysis and to establish the graphs.
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2.3.5. Dye leaching and stability studies using the optimised silica pH

nanosensor

For the dye leaching studies, the optimised silica pH nanosensor was suspended in
phosphate-buffered saline (PBS) and then the fluorescence intensity of each
fluorophore was measured. Following this, the suspended nanoparticles were
centrifuged and the fluorescence intensity of each fluorophore (OG, FAM and
TAMRA) was measured in the supernatant, resulting after the centrifugation, and

in the nanoparticles suspension, prepared after resuspending SNPs pellets in PBS.

To investigate the fluorescence signal stability of the optimised silica pH
nanosensor, the nanosensor was suspended in PBS buffer, followed by
measurements of the fluorescence intensities of OG, FAM and TAMRA over
consecutive time intervals from 5 minutes to 48 hours. The suspensions were kept

in the dark during the duration of the experiment.
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2.4. Results and discussion

2.4.1. Polyacrylamide pH nanosensors

2.4.1.1.  Production of polyacrylamide pH nanosensors

In the present study, polyacrylamide pH nanosensors were produced by the
process of inverse microemulsion polymerisation as previously reported [137].
This previously reported protocol was established to produce ~50 nm f-PANPs
that were covalently linked to two pH-sensitive fluorophores (OG and FAM, with
a ratio of 1:1) and a reference fluorophore (TAMRA), permitting ratiometric
fluorescence pH measurements. Prior to the nanoparticle synthesis, succinimidyl
ester derivatives of OG, FAM and TAMRA were covalently conjugated to APMA
as previously shown in Figure 2.2. The resultant APMA-fluorophore conjugates
were directly added to the reaction mixture to facilitate covalent binding of
fluorophores to the polyacrylamide matrix. This covalent binding protocol has
been established to overcome leaching problems, associated with optical
nanosensors where the fluorophores are physically entrapped within their matrix

[137].

Polyacrylamide pH nanosensors were prepared without any modifications using
the aforementioned protocol. In addition, positively-charged polyacrylamide
nanosensors (PPA), composed from p-PANPs, were synthesised via modification
of f-PANPs using a positively-charged acrylamide monomer (ACTA) as
previously reported [142]. This modification was performed to enhance cellular
uptake of polyacrylamide pH nanosensors, as discussed later in Chapter 3. In this
reaction, ACTA was utilised to replace 5% of the total acrylamide monomers and

bisacrylamide to produce p-PANPs. This acrylamide monomer was selected
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amongst several acrylamide modifying monomers to decrease nanoparticles
aggregation [201]. During the initial synthesis procedure, ACTA was added and
polymerised with acrylamide monomers to incorporate trimethylammonium ions
into the nanoparticle matrix. As a result, the net positive charges onto the
nanoparticle surface; and hence the corresponding nanosensor, increased and
shown later in this chapter [142]. Figure 2.6 shows the chemical structure of
ACTA which can be used to incorporate positively-charged trimethylammnium
ions into polyacrylamide matrix.
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Figure 2.6: The chemical structure of 3-acrylamidopropyl trimethylammonium hydrochloride
(ACTA) which polymerises with acrylamide monomers and bisacrylamide to produce positively
charged fluorescent polyacrylamide nanoparticles (p-PANPS).

2.4.1.2.  Characterisation of polyacrylamide pH nanosensors

Characterisation of the produced PANPs was performed as reported [63, 137].
The hydrodynamic diameters and zeta potential values of f-PANPs and p-PANPs
were measured by a DLS instrument. Fluorescence measurements of the
nanosensors were performed to detect the response of the nanosensors in various

pH values to establish the calibration curves.
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2.4.1.2.1. Size characterisation of PANPs

The hydrodynamic diameters of the synthesised f-PANPs and p-PANPs were
measured by a DLS instrument. The results revealed that the hydrodynamic
diameters of f-PANPs and p-PANPs were centred at ~44 nm and 47 nm,
respectively, as shown in Figure 2.7. Moreover, the polydispersity index (PDI) of
f-PANPs and p-PANPs were 0.137 and 0.152, respectively. These results are

congruent with that found in the literature [137, 162, 166, 194, 202].
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Figure 2.7: (A) and (B) The hydrodynamic diameters of the unmodified fluorescent
polyacrylamide nanoparticles (f-PANPs) and positively-charged polyacrylamide nanoparticles (p-
PANPs) respectively, measured by a DLS instrument.

The PDI value is used to describe the dispersion and size distribution of
nanoparticles. Generally, well dispersed nanoparticles with narrow size
distribution should have PDI value < 0.70 [142]. Therefore, the synthesised f-
PANPs and p-PANPs are considered to have relatively narrow size distribution
and sufficient dispersion properties. In addition, the obtained results illustrate that
modification of PANPS with ACTA did not markedly influence the nanoparticle

size range.
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2.4.1.2.2. Zeta potential measurement of PANPs

Measurement of the zeta potential was used to assess the electrical charge onto the
surface of the synthesised polyacrylamide pH nanosensors and as an indicator for
modification of the nanoparticle matrix with ACTA. As shown in Figure 2.8, the
zeta potential values of f-PANPs and p-PANPs were +3.4 £ 4 mV and +19 + 5
mV, respectively. The value of zeta potential was significantly increased in the
positive direction after modification of the nanoparticle matrix with ACTA, which
indicates the successful modification of the nanoparticle matrix with the
positively-charged trimethylammonium ions. Such positively-charged ions were
incorporated within the nanoparticle matrix, increasing the total positive charges
onto the nanoparticle surface [142]. As a result, the colloidal stability properties

and cellular uptake of polyacrylamide nanosensors were improved as discussed in

Chapter 3.
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Figure 2.8: The zeta potential values of the unmodified fluorescent polyacrylamide nanoparticles
(f-PANPs) and positively-charged polyacrylamide nanoparticles (p-PANPs), measured by a DLS
instrument.
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2.4.1.2.3. Measurements of the fluorescence signals of the synthesised

polyacrylamide pH nanosensors

It has been reported that covalent binding of fluorophores to polyacrylamide
matrix did not influence the position of both excitation and emission maxima of
the conjugated fluorophores [137]. In this study, OG and FAM exhibited emission
maxima at 5205 nm while the emission maxim of TAMRA was obtained at

577+5 nm, similar to that recorded for the corresponding free fluorophore.

To detect the pH response of the synthesised polyacrylamide pH nanosensors, the
fluorescence intensity of each fluorophore, encapsulated within the nanoparticle
matrix, was recorded in different pH values ranging from pH 3.0 to 8.5. As shown
in Figure 2.9, the fluorescence intensities of the pH sensitive fluorophores (OG
and FAM) were gradually increased as the pH value increased while the
fluorescence signals of TAMRA did not significantly affected. Therefore, the
fluorescence intensity of TAMRA was used to establish the ratiometric
fluorescence measurements. In addition, Mcllvaine buffer was chosen in this
study due to the similarity of the components of this buffer to the biological

buffers and also could be prepared with an extended buffer capacity range [200].
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Figure 2.9: The fluorescence spectra of the synthesised ratiometric fluorescent polyacrylamide pH
nanosensors, suspended in Mcllvaine buffer in different pH from pH 3.01 to 8.48. The mission
spectra on the left part are related to the pH sensitive fluorophores (OG and FAM) while
fluorescence spectra of TAMRA are shown on the right part of the graph, as recorded on a
spectrofluorometer.

The normalised ratiometric calibration curve for the synthesised polyacrylamide
pH nanosensors was constructed using the ratio between the fluorescence intensity
of the pH sensitive fluorophores and that of the reference fluorophore, recorded in
different pH values. As shown in Figure 2.10, the response of the nanosensors is
sigmoidal in shape, similar to the typical calibration curve of pH-sensitive
fluorophores [60, 63, 137]. The effective dynamic pH range of the nanosensors is
considered as the area between the minimal and maximal responses of the
normalised calibration curve, which can be used for the accurate and reliable
detection of pH [63]. Accordingly, the effective response of the synthesised
polyacrylamide pH nanosensors is between pH 3.5 to pH 7.5 as could be seen

from Figure 2.10.
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Figure 2.10: The normalised calibration curve of the synthesised polyacrylamide ratiometric
fluorescent pH nanosensors, suspended in Mcllvaine buffer with pH values from pH 3.01 to 8.5.

The sigmoidal behaviour of the nanosensors is controlled by the pKa values of the
pH-sensitive fluorophores (OG and FAM). As in the first part of the normalised
calibration curve, below pH 5.5, the activity of the nanosensors is mainly
controlled by OG (pKa~4.6) while over pH 5.5, the nanosensors activity is
governed by FAM (pKa of ~6.4). Combination of these two pH-sensitive
fluorophores has extended the responsive dynamic pH range of the nanosensors to
be from pH 3.5 to pH 7.5, which indicates the potential use of these nanosensors
for the pH detection of many biological systems that have pH value within the

effective pH range of the synthesised nanosensor.
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2.4.2. Silica pH nanosensors

2.4.2.1.  Preliminary protocols for the synthesis of silica nanoparticles (SNPs)

In this study, the first challenge was to establish robust and reproducible protocol
for the synthesis of SNPs with a size range below 100 nm to facilitate their
potential intracellular incorporation. In the present work, many previously
reported protocols for the synthesis of ~65 nm SNPs were attempted while the
obtained size range of each SNPs batch, prepared using the corresponding
protocol, was measured by DLS and compared to the reported size as summarised
in Table 2.1 [203-207]. Such protocols produced SNPs with significantly
different size range than that reported. Whilst the utilised technique for size
measurement varied from one study to another; in this work Malvern Zetasizer®
DLS instrument was used as rapid and reliable technique for the measurement of

the hydrodynamic diameters of the resultant SNPs, prepared using each protocol.

Table 2.1: A summary for previously reported protocols that were repeated in this study for the
synthesis of SNPs in the size range ~65 nm. These protocols were repeated and the hydrodynamic
diameters of the resultant SNPs were measured by DLS and compared to the size reported in each
study

Reported Reported Measured Ref
protocol by Volumes of reactants used (mL)” size (nm) diameters
(nm)™

Rossi et. al. 25 EtOH, 1 H,0, 1.5 NH,OH, 2 TEQOS 65 185 [203]
Rao et. al. 31.4 EtOH, 5.4 H,0, 1.9 NH,OH, 0.26 TEOS 70 320 [204]
Canton et. al. 20 EtOH, 2.5 H,0, 0.8 NH,OH, 0.9 TEOS 65 190 [205]
Limet. al. 50 MeOH, 1 H,0, 3 NH,OH, 0.6 TEOS 20 165 [206]
Estévez et. al  16.75 EtOH, 1.25 NH,OH, 0.71 TEOS 67 140 [207]

* Abbreviation, EtOH and MeOH are for ethanol and methanol respectively. **Mean of the
hydrodynamic diameters of three different SNPs batches, prepared using each method.

56



Chapter Two

As shown in Table 2.1, Rossi, et. al. have reported a protocol for the synthesis of
SNPs with a size range of 65 nm [203]. When this protocol was repeated, the
measured hydrodynamic diameters of the resulting SNPs were almost three times
larger than the reported size range. Similarly, the hydrodynamic diameters of
SNPs, synthesised by previously reported protocols, were ~320 nm and ~190 nm,
despite the reported size was 70 or 65 nm for each protocol, respectively [204,
205]. In addition, when another protocol that has reported by Lim and co-workers
was repeated; the measured hydrodynamic diameters of the resulting SNPs were
~165 nm instead of the reported 20 nm [206]. As in Table 2.1, the protocol that
has reported by Estévez and co-workers for the production of ~67 nm SNPs was
followed and the measured hydrodynamic diameters of SNPs, produced by this
protocol, were about 140 nm [207]. Further, the Wiesner group has reported a
method for the synthesis of f-SNPs with a size range of about 20-30 nm. When
this protocol was repeated, the resultant hydrodynamic diameters were
significantly changed from one batch to another and ranged from ~185 nm to 600

nm instead of the reported 20 nm [208].

According to Stober, varying the initial concentrations of each reactant/catalyst,
involved in SNPs synthesis, may affect the size of the produced SNPs [177].
Meanwhile, amongst all protocols that were attempted in this study, Estévez’s
protocol produced SNPs with the smallest size range of about 140 nm, as
illustrated in Table 2.1. As a result, based on the Stéber study conclusion and
using Estévez’s protocol as a starting point, a reproducible protocol for the
synthesis of SNPs with a tuneable size range has been established in the present
work. To achieve this, the effect of each reactant/catalyst quantity (TEOS,

NH4OH, ethanol, FAM-APTES) on the hydrodynamic diameters of the resulting
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p-SNPs and f-SNPs was investigated and optimised. The hydrodynamic diameters
of the resulting SNPs were measured by DLS instrument to provide fast and

accurate measurements for the corresponding size range of the resulting SNPs.

FAM was firstly used for the production of FAM-SNPs as an exemplar for f-
SNPs. Before the synthesis of FAM-SNPs, succinimidyl ester derivative of FAM
was conjugated to amino-silane derivative (APTES), with the molar ratio of 1: 1.2
for FAM: APTES, to ensure complete conjugation. The resulting FAM-APTES
conjugate is susceptible for hydrolysis and condensation, similar to the silica
precursor (TEQOS), therefore, this dye-conjugate was utilised to produce FAM-

SNPs, covalently linked to FAM molecules, as represented in Figure 2.11.
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Figure 2.11: lllustrative diagram shows the covalent binding of amino-silane precursor
(APTES) to succinimidyl ester derivative of a fluorophore (e) to produce fluorophore-APTES
conjugate, which is used for the synthesis of f-SNPs.
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2.4.2.2.  Production of size-tuneable SNPs

2.4.2.2.1. Effect of varying amounts of TEOS

As previously mentioned, the initial experiments for the synthesis of SNPs were
performed using the protocol that has been reported by Estévez and co-workers.
This protocol was based on using 3.1 mmol (710 pL) of TEOS, 9.9 mmol (1.28
mL of 28-30% wi/v) of NH,OH and 16.75 mL of absolute ethanol (0.29 mol)
[207]. The measured hydrodynamic diameters of the resultant SNPs were about
140 nm, as illustrated earlier in Table 2.1. To study the effect of varying TEOS
amounts on the size of SNPs, different quantities of TEOS ranging from 0.80
mmol to 8.8 mmol (180 puL — 2000 pL) were utilised while the amounts of
NH4OH and ethanol were kept constant. To synthesise FAM-SNPs, 50 pL of

FAM-APTES conjugate was used.

The results revealed that the hydrodynamic diameters of the produced p-SNPs or
FAM-SNPs did not markedly change upon increasing the amount of TEOS from
0.80 mmol to 8.8 mmol. As shown in Figure 2.12, the hydrodynamic diameters of
p-SNPs and FAM-SNPs were in the range of 145+15 nm and 130£19 nm,
respectively, using the studied amounts of TEOS. These results were in agreement
with the Stober study which concluded that increasing the quantity of TEOS did
not markedly influence the final size of the resulting SNPs [177]. However,
previous studies have shown an increase or a decrease in the nanoparticle size

upon increasing the amounts of TEOS [204, 209].
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Figure 2.12: The effect of varying amounts of TEOS on the hydrodynamic diameters of p-SNPs
(blue bars) and FAM-SNPs (red bars), synthesised using the Estévez’s protocol [207]. The mean
of PDI for p-SNPs and FAM-SNPs were < 0.1respectively. The number of batches were n=5.

Synthesis of SNPs can be explained by the von Weimarn and Ostwald ripening
theories that generally explain how a particle with a definite size is formed [210,
211]. According to the von Weimarn theory, for any particle to be formed, a
supersaturated solution of the corresponding ions/molecules is required to produce
primary unstable small nuclei (nucleation). Any further increase in the ions/
molecules amounts above the supersaturation point will increase the rate of
nucleation and form new primary nuclei. This occurs spontaneously to relieve the
increase in the degree of supersaturation until the equilibrium point is achieved.
Once these primary nuclei reach equilibrium, they combine together to form
secondary, thermodynamically stable larger nuclei which grow to form more
thermodynamically stable uniform particles, with the same size (Ostwald ripening
theory) [210, 211]. During the synthesis of SNPs, TEOS is firstly hydrolysed into
silanol monomers to produce primary nuclei which are then condensed together to

form SNPs. The rates of hydrolysis (rate of nucleation) and condensation (rate of
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particle growth) are controlled by the catalyst (NH,OH) [177]. In these
experiments, the amount of NH,OH was constant; therefore, the number of the
hydrolysed TEOS molecules and the number of the primary nuclei were constant.
This means that further addition of TEOS did not affect the hydrolysis process as

the added TEOS molecules remained unhydrolysed.

Further, the measured hydrodynamic diameters of p-SNPs were slightly larger
than that of FAM-SNPs which could be attributed to the potential increased
solubility/supersaturation of FAM-APTES conjugates in ethanol. Overall, the
hydrodynamic diameters of the developed p-SNPs or FAM-SNPs did not
markedly affected by varying amounts of TEOS from 0.80 mmol to 8.8 mmol
(180 pL — 2000 pL). As a result, 2.2 mmol (500 pL) was selected as the optimum

TEOS amount that was used throughout this study.

2.4.2.2.2. Effect of varying amounts of NH,OH

According to Stdber, increasing NH4OH quantity during the nanoparticle
synthesis will increase the size of SNPs. However, other studies have shown the
reverse effect [177, 204]. In this study, the effect of different amounts of NH,OH,
from 2.3 mmol to 37.2 mmol (0.3 mL to 5.0 mL), on the produced size of SNPs
was investigated. As represented in Figure 2.13, the hydrodynamic diameters of
p-SNPs and FAM-SNPs gradually increased as the amount of NH;OH was
increased. The hydrodynamic diameters of p-SNPs increased from ~65 nm to 900
nm while the hydrodynamic diameters of FAM-SNPs ranged from ~45 nm to 750

nm using the aforementioned NH,OH amounts. Additionally, all the produced
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SNPs batches were monodisperse and uniform in size as the PDI values were <0.1

for all the resultant SNPs batches.
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Figure 2.13: The effect of different amounts of NH,OH, ranging from 2.3 mmol to 38.5 mmol, on
the hydrodynamic diameters of p-SNPs and FAM-SNPs.

It was noticed that, elevating NH,OH quantity increased the final yield of SNPs.
This could be explained by the catalytic effect of NH,OH on the rates of
hydrolysis and condensation of TEOS. Increasing the amount of NH,OH will
increase the rate of TEOS hydrolysis which in turn, increases the total number of
the primary nuclei (number of nanoparticles), and hence, the final nanoparticle
yield. Additionally, increasing NH;OH quantity increases the rate of
condensation, the rate of growth, which increases the total diameter of the
produced SNPs. In summary, the above results revealed that the size ranges of
SNPs and the obtained yield can be readily tuned through careful control of the
amount of NH,OH. As a way forward, to obtain a considerable nanoparticle yield
(~100 mg) and produce SNPs below 100 nm, 5.6 mmol (0.75 mL) of NH,OH was

used throughout the present study as the optimum NH;OH quantity.
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2.4.2.2.3. Effect of ethanol quantity and alcohol type

Previous studies have been published to investigate the effect of alcohol amount
and type on the size and dispersity of SNPs; synthesised via the Stdber method
[212, 213]. To study this effect, varying amounts of ethanol from 0.17 mol to 0.85
mol (10 mL to 50 mL) were utilised while the optimised amounts of TEOS (2.2
mmol, 500 pL) and NH4OH (5.6 mmol, 0.75 mL) were used throughout these
experiments. As illustrated in Figure 2.14, while the amount of ethanol increased
from 0.17 mol to 0.42 mol (10 mL to 25 mL); the hydrodynamic diameters of p-
SNPs were ~92+15 nm (PDI < 0.052) and ~78+11 nm (PDI < 0.070) for FAM-
SNPs. The measured hydrodynamic diameters slightly increased above 100 nm;
for all batches, when the amount of ethanol was elevated above 0.42 mol to 0.85
mol. As a result, 0.29 mol of ethanol (16.75 mL) was used as the optimum amount

of ethanol to produce SNPs with size ranges below 100 nm.
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Figure 2.14: The effect of varying amounts of ethanol (0.17 mol to 0.85 mol) on the
hydrodynamic diameters of p-SNPs and FAM-SNP.
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In addition, the effect of alcohol type on the hydrodynamic diameters of SNPs
was investigated. The results showed that using methanol (0.29 mol) for the
synthesis of SNPs produced slightly smaller SNPs than that prepared using the
optimised amounts of ethanol (0.29 mol). The hydrodynamic diameters of the
resultant SNPs, prepared by methanol, were about 63+12 nm (PDI < 0.040) and
55+16 nm (PDI < 0.049) for p-SNPs and FAM-SNPs respectively. This slight
nanoparticle size reduction, observed when methanol was used instead of ethanol,
may be due to the enhanced solubility/supersaturation of the hydrolysed
monomers in methanol than in ethanol [209]. In spite of using methanol produced
SNPs with smaller diameter than that prepared using ethanol; methanol was

excluded from this study due to the high toxicity and harmful effect [214].

In contrast, when 0.29 mol isopropanol was used for the synthesis of SNPs,
several DLS peaks were observed with major DLS peaks at ~220 nm and ~185
nm for p-SNPs and FAM-SNPs, respectively. Additionally, the PDI values of the
resultant SNPs were above 1.812, indicating polydisperse SNPs and wide
nanoparticle size distribution. These results may indicate the possible effect of
alcohol polarity on the size and distribution of SNPs. It has been reported that
when the alcohol polarity decreased, the size of SNPs was increased due to
increasing the number of the non-polar group onto the nanoparticle surface which
may lead to aggregation [215, 216]. Overall, for further experiments, ethanol was
selected as the optimum medium for the production of SNPs with the optimised

amount of 0.29 mol (16.75 mL).
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2.4.2.2.4. Effect of different volumes of fluorophore-APTES and fluorophore type

The effect of different quantities of FAM-APTES conjugates on the size of FAM-
SNPs was studied. Different volumes of FAM-APTES ranging from 10 pL to
1000 pL were added to the ethanol-NH,OH mixture prior to the addition of TEOS
to allow the hydrolysis of FAM-APTES conjugates. As illustrated in Figure 2.15,
the size range of FAM-SNPs did not significantly vary while the volume of FAM-
APTES was < 300 pL as the measured hydrodynamic diameters were less than
100 nm for all batches. When the volume of FAM-APTES was elevated above
300 pL, the resultant nanoparticle size slightly increased above 100 nm whilst the
largest FAM-SNPs batch, with a size range of 175£13 nm, produced when 1000

pL of FAM-APTES was utilised.
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Figure 2.15: The effect of different volumes of the conjugated FAM-APTES, prepared using 1
mg/mL of FAM, on the hydrodynamic diameters of the produced FAM-SNPs.
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The slight increase in the size of FAM-SNPs, occurred upon increasing the
volume of FAM-APTES over 300 pL, may be attributed to the increased number
of FAM-APTES monomers that may grow onto the nanoparticle nuclei, leading to

slight increase in the nanoparticle size.

Further, the effect of fluorophore type on the hydrodynamic diameters of f-SNPs
was studied using OG-APTES or TAMRA-APTES conjugates instead of FAM-
APTES conjugates. The results revealed that the measured size ranges of OG-
SNPs or TAMRA-SNPs were similar to that obtained for FAM-SNPs, prepared
using the same volume of fluorophore-APTES conjugate. Additionally, there was
no marked difference in the measured size ranges of SNPs produced using a
single fluorophore or combined fluorophore conjugates, provided that, the total

volume of all fluorophores-APTES conjugates kept below 300 pL.
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2.4.2.3.  Optimum protocol for the preparation of SNPs

To summarise the size tuneability study of SNPs, different size ranges of p-SNPs
and f-SNPs can be readily produced by optimising the amount of NH,OH. The
results revealed that the amount of NH,OH plays an important role in controlling
the size of SNPs while changing the amounts of all other reactants have shown

minimal effects on the resulting nanoparticle size.

Overall, to obtain considerable yield of SNPs (~100 mg) with a size range below
100 nm, the amounts of TEOS, NH,OH and ethanol were optimised to 2.2 mmol
(500 pL), 5.8 mmol (0.75 mL) and 0.29 mol (16.75 mL), respectively.
Additionally, the total volume of fluorophore-APTES was kept below 300 uL to
produce f-SNPs with a size range below 100 nm, regardless the used
fluorophore/s. Table 2.2 illustrates the optimum amount of NH,OH that was
required for the production of size-tuneable SNPs, prepared using the optimised

protocol.

Table 2.2: The optimised amount of NH,OH (28-30% w/v) that was required used to prepare size-
tuneable SNPs, using the optimised protocol, with using constant amounts of other reactants

NH,OH amount Approximate hydrodynamic diameters Approximate yield
(mmol) (hm) (mg)
p-SNPs f-SNPs

2.3(0.3mL) 65 45 Below 15 mg

3.7 (0.5mL) 75 60 Below 40 mg

5.6 (0.75 mL) 95 75 50-150

7.4 (1.0 mL) 125 100 150

9.3 (1.25mL) 145 137 200

13 (1.75 mL) 250 200 200-250

18.6 (2.5 mL) 400 330 150-350

29.8 (4.0 mL) 690 550 500

37.2 (5.0 mL) 900 750 Over 400

" The optimised amounts of TEOS and ethanol were 2.2 mmol (500 pL) and 0.29 mol (16.75mL)
respectively. The volume of FAM-APTES conjugate was 50 piL.
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2.4.2.4.  Synthesis of amino-SNPs

In general, to increase cellular uptake of a nanosensor, the size of nanoparticles,
utilised for fabrication of such nanosensor, should be less than 100 nm. In
addition, the nanosensor surface should contain a positively-charged group which
is favoured to overcome the negatively-charged nature of the phospholipid bilayer
of the cellular membrane [217, 218]. To confer positive charges onto the surface
of the developed silica nanosensors, APTES was used to add a positively-charged
amino group to the nanoparticle surface using a previously reported procedure
[199]. In this reaction, APTES is hydrolysed into amino-silane monomers which
then form a covalent link with the silica matrix to produce amino-SNPs, grafted
with a positively-charged amine group onto their surfaces. The results revealed
that the size range of the unmodified SNPs was about 75 nm while the size range
of amino-SNPs was 78+8 nm, with PDI of 0.083, indicating the negligible effect
of this modification on the nanoparticle size range. Characterisation of the
unmodified SNPs and amino-modified SNPs is discussed in the following

sections.
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2.4.2.5.  Characterisation of the physical properties of the optimised SNPs
2.4.2.5.1. Size and shape characterisation

In this work, the optimised protocol for the synthesis of SNPs was utilised to
produce p-SNPs and f-SNPs, with hydrodynamic diameters of about 92 nm and
75 nm, respectively, as measured by the DLS instrument and shown in Figure
2.16 A and B. The mean of the PDI values of p-SNPs and FAM-SNPs were 0.067
and 0.083, respectively, indicating the narrow size distribution of the developed

SNPs.

In addition, eSEM and TEM were used to investigate the size, shape and size
distribution of the optimised p-SNPs and FAM-SNPs. As shown in Figure 2.16 C
and E, the eSEM results showed that the optimised p-SNPs and FAM-SNPs are
spherical in shape with size ranges of 89+4 nm and 756 nm, respectively. These
results agreed to that obtained from the TEM images for p-SNPs and f-SNPs as
the size of p-SNPs and f-SNPs were 867 nm and 69+5 respectively (Figure 2.16
D and F). The measured hydrodynamic diameters of the optimised SNPs batches,
measured by DLS, and the corresponding size, obtained by the eSEM and TEM,

are summarised in Table 2.3.

However, the sizes of p-SNPs and f-SNPs, measured by eSEM and TEM, were
slightly smaller than the hydrodynamic diameters, detected by DLS. This is
expected due to that the measured size range by the DLS is expressed as
hydrodynamic diameter, which consists of the actual nanoparticle size and the
diameter of a thin solvent layer, surrounding the suspended nanoparticle as

discussed earlier in Chapter 1.
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Table 2.3: The hydrodynamic diameters of the optimised SNPs batches, measured by DLS, and
the corresponding size of the same SNPs batches, imaged by eSEM and TEM.

Technique used  p-SNPs f-SNPs

DLS 92+9 nm  79t1lnm
eSEM 89FX4nm 72x8nm
TEM 86E7nm 69+5nm
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Figure 2.16: (A) and (B) The measured hydrodynamic diameters of p-SNPs and f-SNPs,
respectively, synthesised using the optimised protocol. (C) and (D) The eSEM and TEM images of
p-SNPs while (E) and (F) are the eSEM and TEM images of f-SNPs.
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2.4.2.5.2. Zeta potential measurements

The colloidal stability properties and surface modification of the developed SNPs
were determined by measuring zeta potential value. As represented in Figure 2.17
A, the measured zeta potential of p-SNPs and FAM-SNPs, synthesised without
any surface modifications, were -31+12 mV and -26x7 mV respectively. This
indicates that SNPS, prepared by the optimised protocol, have sufficient colloidal
stability properties. Additionally, surface modification of the nanoparticles with
APTES (amino-SNPs) was assessed by detecting the value of zeta potential. The
results revealed that the zeta potential of amino-SNPs was +18+5 mV. This
marked increase in the measured zeta potential after modification with APTES
indicates the successful surface modification of the nanoparticle with the
positively-charged amino group. Further, the effect of pH on zeta potential value
was studied to investigate the nanoparticle stability in suspension. p-SNPs and
FAM-SNPs were suspended separately in different pH values ranged from pH 3.0
to 8.0. The results are shown in Figure 2.17 B indicate that the zeta potential
value decreases as the pH increased which could be attributed to the ionisation of
the free OH group on silanol molecule of silica network whilst the most stable

SNPs suspensions were observed when the pH was above pH 5.0.
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Figure 2.17: (A) Zeta potential values of p-SNPs, f-SNPs and amino-SNPs, measured in water by
Malvern Zetasizer DLS instrument. (B) Zeta potential values of p-SNPs and FAM-SNPs measured

in different pH values.

72



Chapter Two

2.4.2.6. Fabrication and optical characterisation of the ratiometric fluorescent

silica pH nanosensors

To fabricate the ratiometric fluorescent silica pH nanosensors, OG, FAM and
TAMRA were covalently linked to the silica matrix. To facilitate this covalent
binding, APTES was conjugated to the succinimidyl ester group of each
fluorophore, prior to the nanoparticle synthesis, as previously illustrated in Figure
2.11. The produced fluorophore-APTES conjugates were added to the reaction
mixture to form covalent bonds between fluorophores and silica matrix. In
addition, this conjugation did not influence the position of the fluorescence
maxima of the corresponding fluorophores, as the recorded fluorescence signal of
each fluorophore was similar to that recorded for the corresponding free

fluorophore.

To produce optimum silica pH nanosensors with tuneable effective pH ranges;
different ratios of OG-APTES: FAM-APTES were used during the initial
nanoparticle synthesis while the volume of TAMRA-APTES was kept constant in
all cases. The ratios of OG-APTES: FAM-APTES were 100%: 0%, 75%: 25%,
50%: 50%, 25%: 75% and 0%:100%, respectively. The optimised protocol for the
preparation of f-SNPs was followed to produce different batches of silica pH
nanosensors containing different ratios of the pH-sensitive fluorophores. Further,
the measured hydrodynamic diameters of all the resulting SNPs batches were in

the range of ~75 nm for all the resultant batches.
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Investigations were made to study the fluorescent response of each corresponding
pH nanosensor, fabricated from SNPs and encapsulating a certain ratio of OG:
FAM. The nanosensors were suspended separately in Mcllvaine buffer, prepared
with different pH values from pH 2.5 to 8.5, and the fluorescence intensities of

each fluorophore were recorded against blank buffer samples.

The results showed that fluorescence intensities of OG/FAM significantly
increased as the pH value of the Mcllvaine buffer elevated while the fluorescence
intensity of TAMRA remained nearly constant. Further, the responsive pH ranges
of the developed nanosensors significantly varied corresponding to the ratio of
OG/FAM that was utilised to prepare the nanosensors. To detect the effective pH
range of the developed nanosensors, the normalised ratiometric calibration curves
(Is20/1577) were established using the ratio between the fluorescence intensity of
OG/FAM and TAMRA versus pH. As shown in Figure 2.18, the effective
dynamic pH range of each nanosensor is dependent on the ratio of the
incorporated pH-sensitive fluorophores which controls the activity of the

nanosensor due to the pKa effect of the pH-sensitive fluorophores.
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Figure 2.18: The normalised ratiometric calibration curves for the developed pH silica
nanosensors, covalently linked to different ratios of OG: FAM (100%:0%, 75%: 25%, 50%: 50%,
25%: 75% and 0%: 100%).

For the nanosensor that incorporated OG only (100% OG: 0% FAM), the
effective dynamic pH range of the nanosensor (pKatl) was controlled by the
activity of OG (pKa ~4.6) with an effective response from pH 3.5 to 5.5 where pH
= pKazxl and indicated by the green curve on Figure 2.18. Similarly, the
responsive pH range of the nanosensor encapsulating only FAM was from pH 5.5
to 7.5 as the activity of this nanosensor was controlled by the pKa of FAM (~6.4),
as represented by the red curve on the normalised calibration curve. Furthermore,
tuning the ratio of OG: FAM produced nanosensors with tuneable effective pH
responses while the maximum extended response was observed for the nanosensor
incorporating a ratio of 50%: 50% of OG: FAM, as indicated by the black curve
on Figure 2.18. The effective dynamic pH range of this optimised nanosensor was

from pH 3.5 to 7.5 as shown in Figure 2.19. Therefore, such nanosensor
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encapsulating OG: FAM with the ratio of 50%: 50% was selected as the optimum

silica pH nanosensor that can detect pH changes over an extended, wide dynamic

pH range from pH 3.5 to 7.5.
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Figure 2.19: (A) The fluorescence spectra of the optimised silica pH nanosensor, covalently
linked to OG and FAM (50%: 50%) and a reference fluorophore (TAMRA), suspended in
Mcllvaine buffer with pH from 2.5 to 8.5. (B) The normalised ratiometric calibration curves for

the optimum nanosensor.
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2.4.2.7. Dye leaching and stability studies using the optimum silica pH
nanosensor

In this study, the optimised silica pH nanosensor was synthesised via covalent

binding of fluorophores to silica matrix. In addition, ratiometric fluorescence

measurements were utilised to provide robust and reproducible pH measurements,

independent of the nanosensor concentration or fluorescence signal fluctuations.

Despite these advantages, dye leaching and fluorescence stability studies of the

optimum silica pH nanosensor were performed in PBS buffer, pH 7.4.

Dye leaching is a common problem that is associated with optical nanosensors in
which fluorescent molecules are physically entrapped within the nanoparticle
matrix rather than being covalently linked to the nanoparticle matrix [219, 220].
Using the optimised silica pH nanosensor, dye leaching study was performed in
PBS buffer, pH 7.4. The results showed a negligible dye leaching from the silica
matrix as the fluorescence signals, recorded in the supernatant after centrifugation
of f-SNPs, did not exceed 2% of the original fluorescence intensity of the
nanosensor. Additionally, almost all the recorded fluorescence signal of each
fluorophore was obtained in the nanoparticle suspension, prepared after

resuspending the nanoparticle pellets in the buffer.

Meanwhile, the stability of fluorescence signals from the optimum fluorescent
silica pH nanosensor was investigated over successive periods from 5 minutes to
48 hours. As shown in Figure 2.20 A, there is a slight decrease in the recorded
fluorescence intensity of the incorporated fluorophores, measured over the studied

time periods. However, the ratios of the recorded fluorescence (lIsyo/ls77) remained
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constant over the duration of the experiment as in Figure 2.20 B. These results
also indicate the advantageous use of the ratiometric fluorescence measurements
compared to using the direct fluorescence measurements which may produce

inaccurate data due to fluorescence signal fluctuations over time.
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Figure 2.20: (A) The mean of fluorescence signals of the optimised silica pH nanosensors,
covalently linked to OG, FAM and TAMRA over different time period from 5 minutes to 48
hours. The fluorescence intensities were recorded at 520 nm and 577 nm over different time
intervals. (B) The normalised ratiometric fluorescence (Is,0/1577) of the optimised silica pH
nanosensor over the same time period, suspended in PBS buffer, pH 7.4.
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2.5. Conclusion

In the present study, two types of ratiometric fluorescent pH nanosensors have
been presented. The nanosensors were synthesised from two different matrices,
polyacrylamide or silica, and covalently linked to two pH sensitive fluorophores
(OG and FAM) and a reference fluorophore (TAMRA) to provide ratiometric
fluorescence pH measurements. These two matrices were selected to produce two
types of pH nanosensors with different physical and colloidal properties. In
addition, combination of such two pH sensitive fluorophores that have different
pKa values extended the effective dynamic pH range of the nanosensors from pH

3.5t07.5.

Polyacrylamide nanosensors, with a size of ~50 nm, were synthesised and
characterised using a previously reported protocol that has been optimised [137].
Despite there are many previously reported protocols for the synthesis of SNPs,
when such protocols were attempted in this study, the obtained size ranges of the
resulting SNPs were different from that reported. In the present work, a
reproducible protocol for the synthesis of size-tuneable and monodisperse SNPs
was successfully established. The study was achieved by optimising the amount of
each reactant/catalyst (TEOS, NH,OH, ethanol and dye-APTES conjugate) that
are involved in the synthesis of SNPs. The results showed that, the amount of
NH4OH plays an important role in controlling the size of the resultant SNPs while
the quantities of the other reactants have shown minimal effects on the size of

SNPs.
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Under the specified conditions, different sized SNPs ranging from 45 nm to 900
nm can be readily produced. Additionally, fluorescent SNPs (f-SNPs) that

incorporating different ratios of fluorophores within their matrix were prepared.

The surfaces of nanosensors were successfully modified with positively-charged
groups to study the effect of this modification on the cellular uptake of the
nanosensors as discussed in Chapter 3. ACTA was utilised to incorporate
positively-charged groups within the polyacrylamide matrix while APTES was
used for functionalisation of SNPs with amino group to confer positive charges on
the nanosensor surface. In addition, colloidal stability of SNPs was investigated in
different pH values from pH 3.0 to 8.0 while sufficient stability was obtained

when SNPs were suspended in a buffer with a pH value above 5.0.

The responsive pH range of the optimised ratiometric fluorescent silica pH
nanosensors can be easily tuned by varying the initial ratios of the pH-sensitive
fluorophores. The maximum dynamic nanosensor response was obtained when the
ratio of OG: FAM was 50%: 50%. The optimum nanosensor can successfully
detect pH changes over an extended dynamic range from pH 3.5 to 7.5, covering
the physiological pH range of many cell types and organelles located within the
effective range of the nanosensor. In addition, the optimised silica nanosensor
exhibited a stable fluorescence response for 48 hours and showed a negligible dye

leaching when suspended in PBS buffer, pH 7.4.
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Chapter Three

Real-time measurement of the intracellular pH of
yeast cells during glucose metabolism using

ratiometric fluorescent pH nanosensors
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3.1. Introduction

3.1.1. The world of yeast (structure, growth and physiology)

Yeast cells (Saccharomyces cerevisiae) are unicellular microorganisms
representing a model to study the developed eukaryotic cell [221, 222]. Yeast is
extensively used in many research and industrial applications for the production
of enzymes and antibodies, drug delivery, gene therapy, health care industry and
food production [223]. The yeast cell is non-motile; with a diameter of about 5-10
pum, requires glucose for maintaining normal growth and reproduces mainly via
the budding process [221, 222]. As shown in Figure 3.1, a yeast cell is round to
ovoid in shape, composed of a large vacuole containing water droplets, enzymes,
amino acids and other molecules [222]. The vacuole is the most acidic organelle
of the yeast cell, functionally similar to the lysosomes of mammalian cells [224].
The yeast vacuole is surrounded by a single membrane containing vacuolar-
ATPase (V-ATPase) complex. This membrane plays an important role in
regulation and stabilisation of the intracellular pH. Accumulation of protons
inside the vacuoles makes them mostly acidic [224, 225]. In addition, the yeast
cell has a distinct nucleus that carries the chromosomes inside and divides during
cell reproduction. Aerobic respiration of cells occurs inside the mitochondria
through the glycolysis cycle to generate the energy (ATP molecules) required for
cell growth and division. Additionally, the term fermentation is used to describe
the anaerobic respiration pathway where the cell oxidises glucose to produce

ethanol and ATP in the absence of oxygen [226, 227].
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Figure 3.1: lllustrative diagram represents the shape, structure and cellular organelles of the yeast
cell (Saccharomyces cerevisiae).

As shown in Figure 3.1, the yeast cell is surrounded by a cell wall to protect the
cell from environmental changes, such as the extracellular pH or osmotic
pressure. The cell wall is considered as the first line of defence, plays an
important role in cellular permeability and is responsible for cell rigidity and
structure [228]. The inner part of the cell wall has a high content of B-glucans
polysaccharide complex whilst the outer wall contains polysaccharide-
mannoprotein and chitin to form a rigid layer around the cell. Cellular
permeability is highly dependent on the degree of cell wall thickness, which is
determined by the growth phase. Whilst the cell wall affects the general
permeation of many materials into the cell, selective cellular uptake and molecular
permeation are regulated by the cell membrane, which is composed principally of

a phospholipid bilayer [221, 229-231].
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Generally, yeast cells pass through four definite phases during their life; lag-

phase, exponential (log) phase, stationary phase and death phase [232, 233]. As
represented in Figure 3.2, the first growth phase is known as lag-phase that
occurs within the first few hours from starting the growth. During this phase, the
cells uptake massive amounts of nutrients, such as amino acids, glucose, minerals
and vitamins, from the growth medium to start the synthesis of proteins, DNA and
other cellular components that are required for cell division [234]. Once the cells
come out of their lag-phase, they enter directly into the exponential phase, which
Is characterised by a marked increase in the cell number due to the reproduction
process. During the exponential phase, which can last for up to 3 days, cells
consume glucose and other nutrients to maintain normal growth and cellular
proliferation [221, 234]. While nutrients are consumed from the growth medium,
the cellular division slows and cells enter into their stationary phase where the
cells adapt themselves to survive in less favoured conditions [235]. During the
stationary phase, the rate of cell division is similar to the death rate; therefore, the
number of cells does not markedly change. Eventually, cells enter the death phase

if the growth conditions are not improved [233, 235].

Lag Exponetional Stationary | Death

QD at 600 nm

W

Times (Howrs)

Figure 3.2: Typical growth curve for the yeast cells which can be established by measurement of
the optical density (ODgq) at successive time periods after the beginning of growth.
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The growth of yeast cells can be assessed by measurement of the absorbance
intensity of cell suspensions using a spectrophotometer at 600 nm (optical density
at 600 nm) [236, 237]. Optical density (ODggo) measurement is a simple method
for detecting the number of yeast cells in 1 mL sample suspension which can be
further used to indicate the growth phase. Theoretically, depending on the cell
strain, growth medium and conditions, each ODgyo with a value of 1.0 contains
roughly 1-3x10” cells/mL [232, 237, 238]. Figure 3.2 illustrates the typical
growth curve for the yeast cells which can be determined by measurements of

ODgqo OVver successive time periods.

3.1.2. Importance of the intracellular pH of yeast cells

The intracellular pH of yeast cells is an important factor that affects cell survival
and several biochemical processes including enzyme production and activation,
endocytosis, ion transportation and cellular apoptosis [186, 239, 240]. The
intracellular pH of a yeast cell is accurately regulated by two types of proton
pump systems namely, V-ATPase and plasma membrane ATPase (P-ATPase).
The pH homeostasis is controlled by these two ATPase systems, creating a small
pH gradient between the cytoplasm and vacuoles. As a result, two pH values,
cytoplasmic and vacuolar, can be observed within the yeast cell [241, 242].
Furthermore, other cell organelles such as mitochondria and Golgi apparatus
exhibit their own pH values to maintain the normal processes, associated with

such organelles [190].
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Maintenance of the cytoplasmic pH is highly important for the yeast to maintain
normal survival whilst regulation of the vacuolar pH is important for a number of
other cellular functions [225, 241, 243]. Vacuolar pH is regulated by V-ATPase
whereas the cytoplasmic pH is controlled by the dual action of both ATPase
systems (V-ATPase and P-ATPase). To regulate the intracellular pH, V-ATPase
transfers the cytosol protons into the vacuoles while P-ATPase pumps the cytosol
protons out of the cytoplasm, to the medium, to maintain the cytoplasmic pH
[224, 242]. Activation of both proton-pump systems (V-ATPase and P-ATPase) is
highly dependent on glucose concentration and the amount of energy (ATP
molecules), produced upon glucose metabolism [242, 244]. Depletion of glucose
inside the cell reduces the activity of both ATPase systems which results in
accumulation of protons in the vacuoles and cytoplasm and lowers the total value
of the intracellular pH. This may explain why glucose-starved yeast cells exhibit
lower pH values than those grown on glucose as previously reported [242, 245].
The low pH value of glucose-starved yeast cell is reversibly elevated upon
addition of glucose to the medium. However, the mechanism of the intracellular
pH changes of yeast cell during glucose metabolism is not fully understood and

further investigations are required [246, 247].

Beside this complicated process of the intracellular pH homeostasis in yeast,
many studies have shown that the yeast can resist changes in the external pH of
the growth medium up to pH 7.5 while an optimal growth conditions takes place
at pH from 5.0 to 6.5 [248]. Above pH of 7.5, the cell looses its tolerance while
yeast cannot survive in an acidic pH <2.5 or alkaline pH medium >8.5 [186, 239,

240, 249].
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3.1.3. Current methods for the measurement of the intracellular pH of yeast
cells
Currently, several approaches for the measurement of the intracellular pH of yeast
cells have been reported. These methods include *P nuclear magnetic resonance
spectroscopy [250, 251], pH-sensitive fluorophores [186, 246, 247, 252], green
fluorescent protein [253, 254] and investigation of the distribution of radio-
labelled weak acids [255, 256]. However, marked variations in the measured
intracellular pH of yeast cells were observed from one study to another depending
on the measurement technique, strain used and growth conditions [186, 190, 249].
In addition, due to the close convergence of the pH of yeast organelles, most of
the previously reported studies dealt with the intracellular pH of yeast cells as an
absolute value. However, some reports distinguished between the vacuolar,

cytoplasmic and mitochondrial pH [240, 245, 249].

Based on the growth conditions and the technique used for pH measurement, the
vacuolar pH of yeast cell exhibited a value of > 4.5 while the cytoplasmic pH was
about > pH 5 [190, 225, 241]. Most of the previously reported methods for the
detection of the intracellular pH of yeast require sophisticated, expensive
instruments and invasive manipulation of cells. In addition, such methods cannot
be applied for the long-term or real-time measurement of the intracellular pH of
the yeast. Furthermore, many methods were not able to spatially resolve the pH
differences amongst cells, where it is supposed that each cell has its own specific

pH value [240].
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Due to high sensitivity and ease of use, fluorescence detection is still the common

technique that is used for the measurement of the intracellular pH of yeast.
Fluorescent probes such as pHluorin (pKa of ~7.2), SNARF-1 with a pKa ~7,
FAM (pKa ~6.4), SNARF-4 (pKa ~6.4) and other fluorophores have been utilised
for the measurement of the intracellular pH of yeast [186, 245, 249, 252, 257,
258]. Although these methods provide convenient experimental setup, the
inherent drawbacks of direct use of fluorophores; e.g. toxicity and signal
fluctuation, still influence the accuracy of the measurements. In addition, the pKa
restriction of the used fluorophore limits the effective pH range of the
measurement to two pH units, where pH=pKaz1. This narrow effective pH range
may be outside the range of the intracellular pH of many cell types including yeast
[187, 240]. The inability of these reported methods to measure the pH of
individual cells and the pKa limitations of the used fluorophores make such
methods inappropriate for the accurate real-time measurement of the intracellular
pH of yeast. Accordingly, utilisation of a probe that is capable of detecting the pH
changes over an extended wide dynamic pH range may provide an accurate tool to

monitor the intracellular pH changes of yeast cells in the real-time.
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3.2. Aim

The general aim of Chapter 3 is to utilise the ratiometric fluorescent pH
nanosensors that were fabricated and optimised in Chapter 2 for the real-time

measurement of the intracellular pH of yeast cells during glucose metabolism.

Yeast was selected as a model cell due to the biological, industrial and
pharmaceutical importance, additionally, their unique cellular structure and
properties. The success of using the developed nanosensors to detect the real-time
pH changes of yeast cells will evaluate the application of such nanosensors as

potential probes for real-time pH detection of other cell type.

To achieve this study, many factors that influence the accuracy of the
measurement must be considered. Generally, using nanosensors for the biological
assays requires optimisation of factors such as incubation time, maximum cellular
uptake and minimum toxicity. In addition, a big challenge when dealing with
yeast cells is to overcome the cell wall rigidity to permit the nanosensors insertion
[259].

Accordingly, the aim of the present study is to optimise all factors that may affect
the measurements. Once these factors are optimised, the real-time measurement of

the intracellular pH of yeast cells upon glucose metabolism can be achieved.
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3.3. Experimental

3.3.1. Materials and chemicals

Ratiometric  fluorescent pH nanosensors, fabricated from silica and
polyacrylamide, were prepared and optimised as described in Chapter 2. Yeast
cells strains, growth cultures and media were kindly donated by the Bioenergy
and Brewing Science Centre, University of Nottingham, UK. Phosphate buffer
with a pH of 5.5 was prepared using disodium hydrogen phosphate and potassium
dihydrogen phosphate, obtained from Sigma-Aldrich, UK. Glucose was purchased

from Fischer-Scientific, UK.

Tecan Spark M10 plate reader and Varian Cary Eclipse fluorescence
spectrophotometer were used to record the fluorescence signals while a Nikon
inverted fluorescence microscope was used for the nanosensors calibration,

counting, visualising and imaging the cells.
3.3.2. Yeast strain and growth conditions

The yeast strain used in this study was Saccharomyces cerevisiae NCYC2592.
The cells were incubated, with shaking at 28 °C and 150 rpm, in a 250 mL
Erlenmeyer flask containing 50 mL of minimal (YNBD) medium with 6.7 g/L
yeast nitrogen base without amino acids (Difco®) and 20 g/L of glucose. The
medium was inoculated by a single colony, taken from yeast culture that had
previously cultivated on YNBD-agar. The cells were harvested after 16-18 hours

where ODggo = 1.0+0.2.
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3.3.3. Cellular uptake study

Yeast cells were grown in 50 mL of YNBD medium for 16-18 hours and the
optical density (ODgp) of 1 mL of cell suspension was measured by a
spectrophotometer at 600 nm followed by centrifugation at 5000 rpm for 10
minutes at 4 °C. The cell pellets were resuspended in 1 mL of phosphate buffer,
pH 5.5 using a vortex mixer and then centrifuged at 5000 rpm for further 10
minutes at 4 °C. This washing step was repeated three times with phosphate buffer
followed by the incubation of 100 pL of cell suspensions with varied
concentrations (20 pg/mL-30 mg/mL) of PPA, prepared by serial dilution using
phosphate buffer of a pH 5.5. The cells were then incubated with PPA for 4 hours
followed by centrifugation and washing for at least five times using 1 mL of
phosphate buffer. Following this, 100 pL of the cells, that were incubated with
PPA, were transferred into 96-black well plate block (Costar 96 well plate, from
Bio-Rad, UK) and the relative fluorescence units (RFUs) of TAMRA were
recorded using Tecan plate reader at 575 nm after excitation at 545 nm against a

blank yeast sample that were not incubated with the nanosensors.
3.3.4. Toxicity study

The same procedure that was described for the cellular uptake study was
followed. After the cellular incubation with PPA (20 pg/mL-30 mg/mL) and
performing the washing steps; 10° times serial dilution of the cell suspensions
were made using phosphate buffer for each corresponding PPA concentration.
Following this, 100 pL of the diluted cell suspensions were spread on YNBD-agar
in Petri dishes. The Petri dishes, containing the cells, were incubated for 48 hours

at 28 °C. The number of the produced colonies, corresponding to each yeast
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sample incubated previously with PPA (20 pg/mL-30 mg/mL), was counted and
compared to the number of the colonies of the control sample, where no

nanosensors were incubated and treated similarly.
3.3.5. Incubation time

100 pL of yeas cell suspensions, prepared in phosphate buffer as in the cellular
uptake study, were incubated with 15 mg/mL of PPA for different time intervals
ranging from 1 to 24 hours followed by centrifugation and several washing with
phosphate buffer. The fluorescence intensity of TAMRA was measured by a

spectrofluorometer at 575 nm using excitation maxima at 545 nm.
3.3.6. Nanosensors calibration

PPA (1 mg/mL) was suspended in the Mcllvaine buffer, prepared with different
pH values from pH 2.94 to 8.50. Following this, 25 puL of PPA, suspended in each
pH value, were transferred into glass dishes and calibration images were taken
using the fluorescence microscope in the merged channels (green, red channels
and brightfield mode). The microscope was focused using a scratch inside the
glass bottom of each dish and subsequently moved away from the scratch to
acquire the images. Images were taken from three different areas around the
centre of the scratch, Background-corrected ratiometric images were established
by using MATLAB® software and were used to construct the calibration curve as

reported [137].
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3.3.7. Measurement of the intracellular pH of yeast cells

After growing cells for 16-18 hours, cells were collected as previously described
and suspended in phosphate buffer. The glucose starvation process was initiated
by incubation of 100 uL of cell suspension, with PPA (15 mg/mL) for 4 hours in
phosphate buffer without any glucose or nutrients. The incubated cell suspensions
were centrifuged and washed, several times. Following this, 5 puL of glucose-
starved cell suspensions was transferred to standard glass coverslips and cell

Imaging was started.

Images were immediately taken of yeast cells using the fluorescence microscope
in the merged channels (green, red and brightfield) at the same time as PPA
calibration under the same parameters. Once the images of glucose-starved cells
were acquired, 10 mM D(+) glucose was added to the cell suspensions and images
were continuously taken at successive time intervals which ranged from 1 minute
to to 45 minutes. The time lapse between each image was set to 1 minute within
the first 10 minutes and then every 5 minutes during the remaining experiment

duration.

All the taken images for the cells (both glucose-starved and after addition of
glucose) and PPA calibration were collected for the analysis using MATLAB®

software and were used to calculate the intracellular pH using ImageJ® software.
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3.3.8. Image acquisition and data analysis [137].

Automated images acquisition and data analysis of PPA and cells were performed
according to a previously reported protocol, established by the Aylott research
group [137]. Ratiometric fluorescent images and background images (buffer
without nanosensors) were acquired in all channels (red, green and brightfield) for
each corresponding pH value. Images were taken using a 40x objective lens
(Olympus) in the green channels for OG and FAM (excitation at 490 nm,
fluorescence at 520 nm), red channels for TAMRA (excitation at 550 nm,
fluorescence at 575 nm) and brightfield mode. The size of all images was set to

1024x1024 pixels.

Background-corrected ratiometric images were generated automatically using
MATLAB® software after subtraction of the background images (blank samples
containing buffers with no nanosensors) from the corresponding ratiometric
fluorescent images. The calibration curve of PPA was constructed as a function
between the mean of the pixel ratios of three background-corrected ratiometric
images (green/red) of PPA versus the corresponding pH value. A similar
procedure was followed to generate the background-corrected ratiometric images
for the yeast cells. Calculations of the intracellular pH of the cells were performed
using ImageJ® software by selection of a pixel-wise area of the background-
corrected ratiometric images of the cells-containing PPA. The results were
matched with the calibration curve data. Additionally, the same approach was
followed for measurements of the intracellular pH of cells after glucose addition
to establish the real-time measurements. ImageJ® software was used to construct

the coloured map pH images.
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3.4. Results and discussion

3.4.1. Silica pH nanosensors

3.4.1.1.Unmodified silica pH nanosensors

Initial experiments were performed using the optimised ratiometric fluorescent
silica pH nanosensors that were developed in Chapter 2. The zeta potential value
of such silica pH nanosensors was about -26£4 mV, as the nanosensors were
suspended in the growth medium of yeast. Different concentrations of such
nanosensors that ranged from 1 mg/mL to 20 mg/mL were incubated with the
cells for 24 hours from the beginning of the growth followed by centrifugation
and several washing using phosphate buffer with a pH 5.5. This pH value was
selected as an optimal working pH similar to the pH of the growth medium, to

minimise any physical perturbations to the yeast cells [186, 239, 240, 249].

After nanosensors incubation, all the incubated cells were separated by
centrifugation and then visualised and counted using fluorescence microscopy
(>100 cells per image) in the brightfield mode whilst the fluorescence signal of
TAMRA, recorded in the red channel, was performed to visualise the cells-
containing nanosensors. Despite the exact localisation of the nanosensors was not
known, the term cellular internalisation is used throughout this study to describe
the cells-containing nanosensors. The percentage of cellular internalisation was
calculated by comparing the number of the fluorescent cells (cells-containing
nanosensors), observed in the red channel, with the number of total cells

(fluorescent and non-fluorescent) that were counted in the brightfield mode.
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The results showed that after incubation of negatively-charged silica pH
nanosensors with the yeast cells for 24 hours from the beginning of growth, the
percentage of cellular internalisation (fluorescent cells in the red channels) was
approximately nil as illustrated in Figure 3.3 A. Figure 3.3 B is a false colour
image, generated by processing the fluorescent image using ImageJ® and used for
visualisation of cells-containing nanosensors. Additionally, increasing the
concentration of nanosensors did not influence the percentage of internalisation.
Further, the same results were obtained when these experiments were repeated in
several days using different batches of unmodified (negatively-charged) silica pH

nanosensors and imaging multiple areas.

50 pm

Figure 3.3: (A) Fluorescence image of yeast cells incubated with the unmodified (negatively)
silica pH nanosensors (10 mg/mL) for 24 hours, recorded in the red channel and brightfield mode
while (B) is the inverted false colour image of A, created by Image]® software, used for
visualisation of cells-containing nanosensors.

As shown in Figure 3.3, high noise in the image background was observed when
the yeast cells were separated from the negatively-charged silica pH nanosensors
by centrifugation. This background noise was observed even when a low

concentration of nanosensors (1 mg/mL) was used and several washing were

performed. This noise may be attributed to precipitation of SNPs with the yeast
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cells during the centrifugation process, making the accurate measurement of the
intracellular pH impossible. As a result, before performing any measurements or
analysis, removal of this background noise is necessary. To try to solve this
problem, other alternatives for centrifugation were studied and discussed later in

this chapter.

The reason for the lack of cellular internalisation with the negatively-charged
silica pH nanosensors may be attributed to the electrostatic repulsions between the
negatively-charged nanosensors and yeast cells where the zeta potential of yeast
cells was -4.2+2 mV as detected by DLS. This probably prevents approaching of
the nanosensors to the cells. These results are in agreement to previously reported
studies that have explored the effect of nanoparticle surface charge on cellular
internalisation of yeast cells and others cell types [217, 218, 260-266]. These
studies have shown that the percentage of cellular internalisation markedly
increased when positively-charged nanoparticles were used instead of the
negatively-charged nanoparticles, both fabricated from the same matrix within the
same size [217, 218, 260-266]. Based on these studies and the observations
obtained in this work, positively-charged silica pH nanosensors with a size range

similar to the unmodified silica pH nanosensors were used instead.

3.4.1.2. Positively-charged silica pH nanosensors

To confer positive charges onto the surface of silica pH nanosensors, amino-
SNPs, were synthesised and characterised as in Chapter 2 (page 68). The size of
amino-SNPs was about 78 nm while the zeta potential value was +16+8 mV,
measured in the growth medium. Positively-charged silica pH nanosensors (10

mg/mL) were incubated with yeast cells from the beginning of growth, for 24
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hours. As could be seen from Figure 3.4, a number of yeast cells was successfully

internalised with the positively-charged silica pH nanosensors.

Figure 3.4: (A) The fluorescent image of yeast cells incubated with 10 mg/mL of positively-
charged silica pH nanosensors, suspended in growth medium for 24 hours, and taken in the red
channel and brightfield mode of the fluorescence microscope. (B) The inverted false colour image
of A created by ImageJ® and used for visualisation of the internalised cells which appear as blue
dots.

Despite this successful cellular internalisation, it was difficult to calculate the
accurate percentage (number) of the internalised cells due to the observed high
background noise, which probably resulted from precipitation of amino-SNPs
with the yeast cells upon using centrifugation. Roughly about 15-20% of cells
were internalised with amino-SNPs. However, separation of the non-internalised
amino-SNPs from the cells by centrifugation was inappropriate as most of amino-
SNPs were precipitated. Regardless of the observed high background noise, these
experiments illustrate that to increase the number of the internalised yeast cells
with nanosensors, positively-charged nanosensors are required; otherwise the lack
of cellular internalisation will be the inevitable result. These results are similar to
that found in the literature for studying the effect of nanoparticle surface charges

on cellular internalisation [217, 218, 260-266].
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3.4.1.3.Separation of silica pH nanosensors from yeast cells

Unlike for mammalian cells, there are no available surfaces, such as well plates,
for attaching the yeast cells onto their surfaces to separate them from the excess
non-incorporated materials. Centrifugation is still the most efficient tool that has
been reported for the separation of yeast cells from excess non-incorporated
materials, including nanoparticles [65, 259]. However, the use of centrifugation
for the separation of the non-internalised silica pH nanosensors (unmodified and
positively-charged) from the yeast created high background noise due to
precipitation of SNPs with the cells. This noise made cellular imaging and hence
the accurate fluorescence measurements extremely difficult. Precipitation of SNPs
with yeast cells, which occurred upon centrifugation, may be attributed to the high
density of SNPs (1.96 g/mL) [171]. To solve this problem, many trials have been
made to find an alternative tool to centrifugation to separate yeast cells from the

excess non-internalised silica pH nanosensors.

It has been reported that commercially available poly-1-lysine well plates;
prepared by modification of the plate surface with poly-I-lysine polymer to create
positive charges onto plate surface, can be used for the adherence of several cell
types through electrostatic attraction of their cellular membrane to the plate
surface [267, 268]. However, when such plates were utilised in this work to
separate yeast cells from silica nanosensors, the majority of cells were lost as the

cells did not stick adequately to the plate surface.

Another alternative tool to centrifugation is vacuum filtration, which is considered
as a useful tool for separation of multiple compounds/proteins, based on their size

differences [269]. The average size of yeast cell is about 5-10 pum, whilst the size
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of SNPs is about 75 nm. Therefore, 2 um Milipore filter membranes were utilised
to separate the yeast cells from the excess SNPs. Despite this technique removed a
part of the non-internalised SNPs, the efficiency of separation was too low and the
majority of cells were lost by the consecutive process. Additionally, the resultant

background noise was not completely removed.

Further, centrifuge tube filters with a membrane pore size 0.45 um were used,;
again, the resultant background noise remained due to precipitation of SNPs in the
separation tube. Meanwhile, dialysis technique, which is used to separate
molecules based on the size differences, cannot be applied in the present study as
it takes too long; affecting the viability of the internalised cells. However, in the
present study, phosphate buffer with pH 5.5 was used as the optimal for
nanosensor incubation and cell separation. This pH value did not affect greatly on
the colloidal stability of SNPs as the zeta potential value of was ~ -20 mV or +19
mV for the negatively-charged or positively-charged silica nanosensors in pH 5.5

respectively.

Overall, centrifugation is still the most efficient method for the separation of
nanoparticles from yeast cells and maintains the number of cells without
significant change. Despite the successful cellular internalisation of yeast cells
with the positively-charged silica pH nanosensors, separation of the excess non-
internalised silica pH nanosensors from the yeast cells has not yet achieved and
created high background noise. Therefore, the resulting images using silica pH
nanosensors were excluded. At this stage, pH nanosensors that are fabricated from
silica matrix may not be the optimum nanosensors for the accurate measurement

of the intracellular pH of yeast cells; alternative pH nanosensors, fabricated from
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different matrix with a lower density than SNPs, may provide a solution for the

precipitation problem of SNPs.

3.4.2. Optimum nanosensors for the measurement of the intracellular pH of

yeast

Taking into consideration the investigations that were performed using silica pH
nanosensors, many criteria are required to design an optimum nanosensor which is
capable of detecting the intracellular pH of yeast cells. These criteria include a
requirement for a positive charge on the nanosensor surface to overcome the
negative nature of the plasma membrane and facilitate cellular insertion of
nanosensors. In addition, the matrix used to fabricate nanosensors should have
lower density than that of silica to overcome the precipitation problem and
removes the noisy background. Meanwhile, the surface of PANPs can be readily
prepared with positive charges as shown in Chapter 2 and polyacrylamide has a
low density of 1.11 g/mL compared to that of silica (1.96 g/mL). Therefore,
investigations were conducted using polyacrylamide nanosensors instead of SNPs

[171, 201].

However, previously reported studies showed that < 50% of yeast cells have been
internalised with unmodified polyacrylamide nanosensors that have almost the
same size range to those prepared in Chapter 2 [259, 270]. Based on these studies
and the findings of improved cellular internalisation using the positively-charged
silica pH nanosensors that were shown previously in this work, PPA was utilised

to investigate the pH measurement of yeast cells.

101



Chapter Three
3.4.3. Positively-charged polyacrylamide pH nanosensors (PPA)

PPA composed of ~45 nm p-PANPs that were covalently linked to OG, FAM and
TAMRA, synthesised and characterised in Chapter 2. The nanosensors were used
for the ratiometric fluorescence detection of pH changes over an extended
dynamic range from pH 3.5 to 7.5, as discussed in Chapter 2. PANPs were
modified with ACTA to incorporate positively-charged trimethylammonium ions
into the nanoparticle matrix which increased the net positive charges on the
nanosensor surface as characterised by measuring the zeta potential of PPA of

about +19 mV as illustrated earlier in Chapter 2.

Yeast cells were incubated with PPA (10 mg/mL) for 24 hours followed by
centrifugation and washing, for several times, using phosphate buffer. The
number of yeast cells internalised with PPA (>100 cells per measurement/image)
was counted using the fluorescence microscopy in the red channel, for TAMRA,
and compared to the total number of cells (internalised and non-internalised),
counted in brightfield mode. The results showed that almost 50% of the imaged

yeast cells were successfully internalised with PPA as represented in Figure 3.5.

Figure 3.5: The fluorescent image of yeast cells incubated with PPA (10 mg/mL) for 24 hours.
Image was taken in the red channel for TAMRA and illustrates that ~50% of cells were
internalised with PPA, with a clear background.
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This 50% is acceptable when dealing with the yeast as the cell is surrounded by a

cell wall that may affect cellular permeation. Additionally, previously reported
studies have shown that the percentage of cellular internalisation of yeast cells
with polyacrylamide nanosensors, prepared without any surface modification, did
not exceed 50%. However, in all of these studies, a stress-based technique such as
electroporation was applied to enforce the cells to uptake the nanosensors [259,

270].

In addition to the improved percentage of cellular internalisation with PPA, the
noisy background, resulted when silica pH nanosensors were used, did not occur
when PPA was utilised and a clear background was observed as in Figure 3.5.
This indicates that high signal to noise ratio can be established and hence, the

accurate measurement of the intracellular pH of yeast using PPA can be achieved.

3.4.3.1.Effect of growth time of yeast on the percentage of cellular internalisation

Investigations were performed to study and optimise the maximum cellular
internalisation with PPA. As previously mentioned, a yeast cell is surrounded by a
cell wall that plays a major role in permeation of materials into the cell. The
degree of cellular permeation is highly dependent on the cell wall thickness,
which in turn depends on the growth phase (time) of the cell [228]. Therefore, the
effect of growth time of yeast on the percentage of cellular internalisation with
PPA was studied and optimised. This study was performed to select the optimum
time/point where PPA should be incubated with the cells to obtain the maximum
cellular internalisation. In these experiments, cells were grown for 12-36 hours

(ODggo = 0.40 to 2.2) in the absence of PPA followed by collection of cells using
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phosphate buffer. Following this, cells were incubated with PPA (10 mg/mL), in
phosphate buffer with a pH 5.5, for at least 4 hours. The results represented in
Figure 3.6 illustrate that the percentage of cellular internalisation with PPA (10
mg/mL) markedly changed when the growth time of yeast changed. When yeast
cells were grown for 12 hours, followed by incubation with PPA for further 4
hours in phosphate buffer, ~45% of cells were successfully incorporated with
PPA. This percentage slightly increased as the growth time of yeast increased
until 20 hours while the maximum cellular internalisation with a percentage of
about 65% was obtained when the growth time ranged from 16 to18 hours, before

incubation yeast cells with PPA.

Upon increasing the growth time over 20 hours, a marked decline in the number
of fluorescent cells (cells-containing PPA) was observed. Approximately 35% and
20% of cells were incorporated with PPA when the growth time was elevated to
24 hours and 30 hours, respectively. In addition, the percentage of cellular
internalisation markedly decreased to ~7% when the growth was continued for 36

hours before incubation of yeast cells with PPA.
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Figure 3.6: The effect of growth time of yeast on the percentage of cellular internalisation with
PPA (10 mg/mL). Cells were normally grown for different time periods (12-36 hours) before
incubation with PPA and counted by the fluorescence microscope in the brightfield mode and red
channel to calculate the percentage of the internalised cells with PPA.

The above results may indicate the effect of the cell wall thickness of yeast on the
percentage of cellular internalisation [229, 230]. During the first 12 hours (lag
phase or early exponential phase, ODgy = 0.4+0.2), new daughter yeast cells,
surrounded by thin cell walls, were produced; such yeast cells could be easily
traversed by PPA. When the growth continued to the mid-exponential phase (16-
24 hours, ODggo ~0.81 — 1.40), yeast cells rapidly divided to produce more
daughter cells which increased the percentage of cellular internalisation to about
65% of the total cells. As the growth time increased over 24 hours, cells
consumed nutrients from the growth medium to maintain their normal growth.
Upon consumption of nutrients, yeast cells prepared themselves to enter into their
stationary phase and thickened their cell wall. This was accompanied by more

difficult permeation of PPA into cells and may explain why the percentage of the
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fluorescent cells reduced down to ~7% as the growth time elevated to 36 hours,
before incubation with PPA.

As a way forward, for maximum cellular internalisation with PPA (~65%), yeast
cells were grown for 16-18 hours (ODgo=1.0+0.2) and collected using phosphate

buffer followed by incubation with PPA for further 4 hours using the same buffer.

3.4.3.2.Effect of different stress-based techniques on cellular internalisation

Several stress-based techniques for the incorporation of materials into yeast cells
have been reported. The technique is named according to the type of stress used.
All these techniques aim to induce stress onto the yeast cell to cause a temporarily
shock to cells and open gates/holes into their cell wall to permit the insertion of
the material of interest into cells. Amongst these techniques, heat shock [271,
272], triton-X-10%/amphotricin-B mixture [186], hyper-osmotic NaCl solution
(154 mM) [273] and electroporation [259, 270, 274], all were attempted in this

work to study their effect on the incorporation of PPA into yeast cells.

The cells were grown for 16-18 hours (ODgp=1.0+0.2) and mixed with a constant
concentration of PPA (10 mg/mL) and then the recommended procedure for each
method was followed under the specified conditions as reported. As illustrated in
Figure 3.7, 10£3.5% of yeast cells were internalised with PPA when the heat
shock technique was utilised to incorporate PPA into cells. Moreover, 20+4.1% of
yeast cells were incorporated with PPA when triton-X (10%)/amphotricin-B
mixture was utilised. In addition, almost all cells (100+£8.4%) were successfully
incorporated with PPA within the first hour of incubation when the hyper-osmotic

NaCl solution (154 mM) method was applied as shown in Figure 3.8.
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Further, electroporation has been previously reported for the incorporation of
unmodified polyacrylamide nanosensors with a percentage of ~50%. In the
present work, when electroporation was applied, almost the same reported
percentage (50+9.3%) of cellular internalisation with PPA was obtained. In
contrast, 65+3.1% of yeast cells were internalised with PPA when the optimised
protocol for the delivery of PPA into yeast cells was utilised. This optimised
protocol was based on incubation of PPA with yeast cells in phosphate buffer (pH

5.5), for 4 hours after cell growth for 16-18 hours (ODgy=1.0+0.2)
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Figure 3.7: The effect of stress-based techniques/methods on the percentage of the internalised
yeast cells with PPA (10 mg/mL) using the specified conditions for each method.

Despite all the yeast cells were incorporated with PPA using the NaCl hyper-
osmotic solution (154 mM) as in Figure 3.8, such yeast cells were inflated,
swollen and some cells ruptured during visualisation of cells under the
fluorescence microscope. Compared to the protocol that was optimised in this
study for the delivery of PPA to yeast cells; however, this protocol gave

maximum cellular internalisation of about 65%, the cells were intact and healthy
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as visualised without any signs of swelling or rupture. For this reason, the hyper-

osmotic NaCl solution method was excluded from this study.

Figure 3.8: The fluorescent image, taken in the red channel, for the internalised yeast cells with
PPA (10 mg/mL) in NaCl hyper-osmotic solution (154 mM).

Whilst none of the stress-based techniques improved the percentage of the
internalised cells with PPA (except the hyper-osmotic solution method), the use of
stress may cause cellular interruption. As a result, all of these stress-based
techniques were excluded from the present study. For further experiments
described in this chapter, to deliver PPA into yeast cells, the cells were grown to
16-18 hours (ODgpo=1.0+0.2) followed by collection of the cells and incubation

with PPA in phosphate buffer, pH 5.5, for 4 hours at room temperature.
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3.4.3.3.Cellular uptake study

In order to select the optimum concentration of PPA, required for maximum
cellular uptake (internalisation), a study of cellular uptake of PPA by yeast cells
was performed. Yeast cells were grown for 16-18 hours (ODgyo = 1.0£0.2)
followed by incubation with different concentrations of PPA, ranged from 20
pg/mL to 30 mg/mL, in phosphate buffer for 4 hours. After PPA incubation, cells
were separated by centrifugation and visualised under the fluorescence
microscope to ensure that the recorded fluorescence signals resulting from the
cells-containing PPA. As could be seen from Figure 3.9 A, cells-containing PPA
exhibit sufficient fluorescence signals, recorded in the red channels of the
fluorescence microscope, while the non-internalised cells did not produce any
fluorescence signal. Additionally, clear background was observed which indicates
that the observed fluorescence of TAMRA was resulted from the cells-containing

PPA and not from the background (non-internalised nanosensors).

For ease and quick fluorescence detection, a plate reader was used to record the
fluorescence signal of the internalised cells with PPA using the fluorescence of
the reference fluorophore (TAMRA) as an indicator for the cellular
uptake/internalisation. As shown Figure 3.9 B, the RFUs of TAMRA, arising
from cells-containing PPA, markedly increased when PPA concentration
increased from 20 pg/mL to 10 mg/mL and then remained without marked change
as PPA concentration increased up to 25 mg. When PPA concentration elevated
over 25 mg/mL, a slight decrease in the recorded RFUs was observed. These
results indicate that the maximum cellular uptake of PPA was successfully

achieved when 10 mg/mL was used and hence any further increase in PPA
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concentration did not markedly influence the cellular internalisation percentage as
cells reached their maximum capacity. Meanwhile, the slight decline in the
measured fluorescence that was observed when PPA concentration increased
above 25 mg/mL may indicate cellular death. For further experiments within this
study, to obtain maximum cellular uptake of yeast with PPA, 15 mg/mL of PPA

was utilised as the best concentration.
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Figure 3.9: (A) The fluorescence microscopy image of yeast cells, incubated with 15 mg/mL PPA,
and taken in the red channel. (B) The cellular uptake study of yeast cells incubated with different
concentrations of PPA (20 pg/mL- 30 mg/mL) for 4 hours in phosphate buffer. RFUs of TAMRA
was recorded on a plate reader (hex = 545nm and A, = 575 nm) as an indicator for the cellular
uptake.
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3.4.3.4.Toxicity study of PPA

A colony forming unit (CFU) test was used to study the toxic effect of PPA on
yeast cells. CFU has been reported as a robust and simple test to estimate the
number of live bacterial or fungal cells [265]. Theoretically, each single live cell
can continuously divide by the binary fission to form a single colony [275]. In this
experiment, yeast cells were incubated with different concentrations of PPA (20
ng/mL-30 mg/mL). Following this, cells were separated and diluted to 10° times
with phosphate buffer using serial dilution and then spread onto YNBD-agar. The
number of the produced yeast colonies after incubation, corresponding to each
PPA concentration, was counted and compared to the produced colonies of the

control samples, where no PPA was incubated with the cells and treated similarly.

As illustrated in Figure 3.10, the produced colonies were detected as small dots
on the agar plate. The results showed that below a concentration of 25 mg/mL of
PPA, the number of the resulting colonies were almost the same as the control
sample, while the number of colonies slightly decreased when the concentrations
of PPA was increased above 25 mg/mL. These results suggest that PPA with a
concentration above 25 mg/mL may cause cellular toxicity as the number of the
produced colonies was declined. As a way forward, 15 mg/mL of PPA was used
as the optimum non-toxic concentration of PPA that was also used to give

maximum cellular uptake.
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Figure 3.10: The toxicity study of different concentrations of PPA incubated with a constant
number of yeast cells and detected by colony forming unit test (CFU). The image shows some
selected Petri dishes with the produced colonies after incubation with different PPA
concentrations. The graph represents the exact number of the produced colonies using each PPA
concentrations and compared to the control, where no nanosensors were incubated.

3.4.3.5.Incubation time

The effect PPA incubation time on the yeast internalisation was investigated. The
yeast cells were grown for 16-18 hours (ODgy = 1.0+0.2) followed by incubation
with PPA (15 mg/mL) for different time intervals which ranged from 1 to 24
hours. After the separation of cells from the non-internalised PPA, cells were
counted and visualised under the fluorescence microscope to ensure that all the
non-internalised PPA was removed. Measurement of the fluorescence intensity of
TAMRA was used to indicate the effect of incubation time on the percentage of

cellular internalisation with PPA.
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As shown in Figure 3.11, the fluorescence intensity of TAMRA, resulting from
the cells-containing PPA (15 mg/mL) was markedly increased as the incubation
time increased up to 2 hours and remained nearly at the same level as the
incubation time elevated to 8 hours. While when the incubation time increased
over 8 hours, the fluorescence intensity of TAMRA gradually decreased, due to
possible photobleaching of TAMRA or death of some cells. Such photobleaching
may be resulted from the consecutive exposure of these fluorescent samples to
UV lights during the duration of the measurement. In summary, the results
showed that 2 hours of incubation were enough for yeast cells to reach their
maximum PPA uptake. Overall, to obtain the maximum percentage of cellular
internalisation for the majority of yeast cells (65%), 4 hours of incubation

between yeast cells and PPA was selected as the optimum incubation time.
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Figure 3.11: The effect of incubation time on cellular internalisation of yeast cells using PPA (15
mg/mL), for different times (Lhour to 24 hours). Fluorescence intensity of TAMRA (A¢ = 545 nm,
Aem =575 nm) was used as an indicator for the cellular internalisation.
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3.4.4. Measurement of the intercellular pH of yeast cells

3.4.4.1.Calibration curve

To measure the pH of a biological system using pH nanosensors, calibration of the
nanosensors under similar conditions to cellular uptake is required [142]. The
simplest method for pH nanosensor calibration is to suspend this nanosensor into
a buffer solution of pre-determined pH values [187, 276, 277]. The nanosensor
suspensions are imaged using a fluorescence microscope under the same
parameters and at the same time as the cell imaging. The drawback of this
approach is that many factors that affect the measurements; such as cellular
environment, are not taken into consideration. An alternative to this method is
through in-situ calibration of the nanosensor using cell lysate or permeablized

cells [12, 278].

Previous studies for the calibration of different pH-sensitive fluorophores in yeast
cell lysate or permeablized yeast cells have been reported [186, 274]. These
studies were based on using electroporation, amphotricin-B or nigricin to increase
the cellular diffusion of hydrogen ions into yeast cells. However, these studies
showed that there were no marked differences when pH-sensitive fluorophores
calibrated either in buffer, cell lysate or inside the permeablized cells. Therefore,
based on these studies, PPA were calibrated in the biological Mcllvaine buffer,
prepared with pH from 3.0 to 8.5, to establish the calibration curve of PPA [200].
The nanosensors were suspended in Mcllvaine buffer (with exact pH of 2.94 to
pH 8.52) and stirred at room temperature for 4 hours to resemble the same

conditions of cellular uptake.
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PPA calibration was performed using fluorescence microscopy at the same time
of image acquisition of the yeast cells using the same parameters. Fluorescence
signals were described as the pixels intensity of the images that were taken in the
green channel for the indicator pH fluorophores (OG and FAM) and in the red
channel for the reference TAMRA. Ratiometric images were taken in the merged
channels of the microscope (green, red and brightfield). Additionally, the
background images (buffer without nanosensor) of the corresponding ratiometric
image were taken and subtracted from the corresponding ratiometric fluorescent
images to generate the background-corrected ratiometric images. Automation of
data analysis and construction of the calibration curve were performed using
MATLAB® and Image]® as previously reported and detailed in the experimental

part of this chapter [137].

The normalised calibration curve of PPA was constructed as a function between
the mean of the pixel ratio of three background-corrected ratiometric images,
taken in the merged channels (green, red and brightfield), versus the
corresponding pH value. As shown in Figure 3.12, the shape of the calibration
curve is sigmoidal, similar to that obtained on the spectrofluorometer in Chapter 2

and the effective dynamic pH range is from pH 3.5 to pH 7.5.
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Figure 3.12: Normalised calibration curve of positively charged polyacrylamide pH nanosensors
(PPA) suspended in the Mcllvaine buffer with different pH values which ranged from pH 2.94 to
8.52. Fluorescence ratio was expressed as the ratio of the pixel intensities of background-corrected
ratiometric images, taken in the merged channels of the fluorescence microscope for each
corresponding pH value.

3.4.4.2.Real-time measurement of the intracellular pH of yeast cells during

glucose metabolism

Once the calibration curve of PPA was constructed, real-time measurement of the
intracellular pH of yeast cells during glucose metabolism was conducted. To
achieve this, yeast cells were firstly starved of glucose by incubation with PPA for
4 hours in phosphate buffer without any nutrients. After cell separation, glucose-
starved cells were imaged using the fluorescence microscope followed by addition

of 10 mM D(+) glucose to the starved cells.

To establish the real-time pH measurements, cells were imaged every minute
within the first ten minutes after the addition of glucose. Images were further
taken every 5 minutes up to 45 minutes after glucose addition. Cells imaging was
performed in the merged channels (red, green and brightfield) of the fluorescence

microscope under the same conditions of nanosensors calibration.
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Automated background-corrected ratiometric images of the cells were established
by subtraction of the background image from the corresponding ratiometric image
using MATLAB®. Additionally, Image]® was used to produce the colour map

images of the cells (Figure 3.13) and for data analysis.

To measure the intracellular pH, the areas of the fluorescent cells (cells-containing
PPA) in the background-corrected ratiometric images were selected and the pixel
intensities of the selected areas were calculated using ImageJ®. The fitting
equation of the calibration curve was applied to measure the pH of the imaged
cells using MATLAB® and ImageJ® [137, 142]. The results represented in Figure
3.13 indicate that each glucose-starved cell exhibited its own pH value which may
depend on the growth phase and the cell age. Therefore, to establish an accurate
procedure for measuring the intracellular pH, the area intensity of each cell-
containing PPA in the background-corrected ratiometric images was selected and
used to calculate the intracellular pH of the corresponding yeast cell. In addition,
to simplify the data presentation, the mean of the pH value of all fluorescent yeast
cells, calculated at each time point, was utilised to establish the real-time

measurements curve.

The results revealed that the mean of the intracellular pH of glucose-starved yeast
cells (0 minute) was 4.67+0.15 as could be seen in Figure 3.13 at 0 min and
represented in Figure 3.14. Despite each cell showed its own specific pH value,
all cells behaved similarly after glucose addition to the glucose-starved cells as
shown in Figure 3.13 and Figure 3.14. After 1 minute of glucose addition, the
mean of the intracellular pH of all cells slightly decreased to pH 4.56+0.09,

followed by gradual decrease in the intracellular pH within the first 10 minutes
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after glucose addition whereas the mean of the intracellular pH reached the

minimum level with a pH value of 3.86+0.13.

After 10 minutes of glucose addition, the mean of the intracellular pH of all
fluorescent cells gradually increased and reached a maximum level with a pH
5.21+0.26 after 25 minutes of glucose addition. This pH value was remained
almost stable for further 15 minutes with a mean pH of 5.19+0.19 before
decreasing again to pH of 4.71+0.22 after 45 minutes of glucose addition, starting
a new cycle of glucose starvation process. These results are in agreement to
previously reported studies that quantitatively measured the intracellular ATP
concentration and pH changes of glucose-starved yeast cells during glucose
metabolism [279, 280]. These studies have shown that cells consume glucose
within 40 to 45 minutes after glucose addition to the glucose-starved yeast cells,
which are similar to the results obtained in this study. Figure 3.13 represents the
colour map images of yeast cells, imaged at different times after glucose addition.
Different locations were used for cell imaging due to difficulty in fixing yeast
cells on the glass slide upon addition of glucose. Figure 3.14 illustrates the
response curve established by calculating the mean of the intracellular pH during

glucose metabolism in the real-time.
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Figure 3.13: The colour map images of glucose-starved cells (O min), incubated with PPA for 4
hours in phosphate buffer and the produced colour map images for the cells after consecutive time
periods of glucose addition from 1 minute and up to 45 minutes. The colour map images were
established by ImageJ®. Scale bar = 50 um.
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Figure 3.14: The response of the intracellular pH of yeast cells during glucose metabolism in real-
time. Glucose was added to glucose-starved cells and the mean of pH was calculated for the
corresponding time period after glucose addition.

The hypothesis to explain the decrease in the intracellular pH of yeast cells,
observed within the first 10 minutes after glucose addition could be attributed to
the activation of V-ATPase system of the vacuoles to stabilise the cytoplasmic
pH, which is very important to maintain cellular survival. Activation of V-ATPase
system transports protons from the cytoplasm to the vacuoles, leading to proton
accumulation inside the vacuoles (the largest cell organelle) which in turn reduces
the total pH of the whole cell. Once the cell return its cytoplasmic pH to normal,
cell redistribute protons and regulate the pH of other cell organelles to their
normal functions. This explains why the intracellular pH was gradually increased
after 10 minutes of glucose addition. As the cells consume glucose, they produce
more energy (ATP) which activates the P-ATPase system. This energy is
consumed by the cells to maintain their pH; this explain why the intracellular pH
maintained constant and stable for 15 minutes, after 25 minutes and up to 45

minutes from glucose addition. After 40 minutes of glucose addition, the yeast

121



Chapter Three

cells consumed glucose and thus the cells became glucose-starved. As the
generated energy inside the cells reduced, the ATPase systems were deactivated
which resulting in accumulation of the protons inside the cells and lowering the

intracellular pH.

The real-time changes in the intracellular pH of yeast cells during glucose
metabolism was successfully investigated using the ratiometric fluorescent pH
nanosensors. However, it was not possible to distinguish between the vacuolar
and cytoplasmic pH of the yeast cells due to limitations on imaging capability.
Nevertheless, the obtained results suggest that the time required for the yeast cells
to restore their normal pH is approximately 25 minutes after glucose addition to
glucose-starved cells, while the yeast cells that uptake glucose can keep their

normal pH to further 15 minutes before the cells loose their pH homeostasis.
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3.5. Conclusion

In this chapter, two types of ratiometric fluorescent pH nanosensors for pH
detection over an extended dynamic pH range; from pH 3.5 to 7.5, have been
utilised to measure the real-time intracellular pH of yeast cells during glucose
metabolism. The nanosensors were fabricated from two different matrices, silica

and polyacrylamide, prepared and characterised as discussed in Chapter 2.

The results revealed that surface modification of the nanosensors with positively-
charged groups improved the cellular uptake of nanosensors whilst negatively-
charged nanosensors were not taken up by yeast cells. Initial experiments were
performed using silica pH nanosensors where almost none of cells incorporated
with the negatively-charged silica pH nanosensors. In contrast, 15-20% of yeast
cells were successfully incorporated with the positively-charged silica
nanosensors (amino-SNPs). However, separation of the excess silica nanosensors
(non-incorporated) from yeast cells, using centrifugation, was difficult due to
precipitation of the high density SNPs (density 1.96 g/mL). This problem created
significant noise in the fluorescent images and made accurate measurements
impossible. Many alternative tools to centrifugation have been attempted,

however, successful separation of SNPs from yeast cells has not yet achieved.

In comparison, when positively-charged polyacrylamide pH nanosensors (PPA)
were utilised, almost 65% of yeast cells were traversed by these nanosensors. This
percentage of cellular internalisation was improved when compared to that found
in the literature using unmodified polyacrylamide nanosensors that have a similar
size rage [259, 270]. This indicates that the presence of positive charges on the
nanosensors surface may overcome the negative cell membrane and incorporate
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PPA into cells. In addition, this protocol eliminates the need to use stress-based
techniques, such as electroporation, for the nanosensor incorporation. In addition,
due to the low density of polyacrylamide (1.1 g/mL), the precipitation problem
that was observed with SNPs, density of 1.96 g/mL, did not occur when PPA was
utilised. This removed the noisy background and permitted accurate measurement

of the intercellular pH of the internalised cells.

In this study, many factors that influence the accuracy of the measurement were
studied and optimised. These include maximum cellular internalisation/uptake
with minimum cellular toxicity and the best incubation time. Under the
determined optimal conditions, the real-time measurement of the intracellular pH
of yeast cells during glucose metabolism was successfully achieved using the

synthesised PPA.

Glucose-starved yeast cells exhibited a pH value of 4.67+0.15, which decreased to
pH 3.86+0.13 within the first 10 minutes of glucose addition. After that, the
intracellular pH of yeast cells gradually increased up to pH 5.21+0.26 after 25
minutes of glucose addition and then remained stable for further 15 minutes

before decline again to pH 4.71+0.22 after 45 minutes of glucose addition.

The measurement of the intracellular pH of yeast cells during glucose metabolism
has shown that glucose-starved cells exhibited a lower pH than those grown on
glucose. Additionally, the intracellular pH of glucose-starved cells elevated upon
the addition of glucose to the starved cells, however; the time taken by the cells to
restore their normal pH, after the glucose addition, was different from a study to
another depending on the yeast strain used, growth medium and growth conditions

[190, 246, 247].
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In comparison, this study has shown that cells restore their normal intracellular

pH after 25 minutes of glucose addition and can maintain this pH value for further

15 minutes.

In conclusion, the ability of the yeast cells to regulate their pH upon glucose
metabolism was successfully monitored using the synthesised PPA in real-time.
This validates the use of these nanosensors for the real-time measurement of the

intracellular pH of other cell types.
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Chapter Four

Distance-dependent fluorescence quenching study
using size controlled core-shell fluorescent silica

nanoparticles
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4.1. Introduction

4.1.1. Fluorescence quenching

The term ‘fluorescence quenching’ is used to refer to any process that causes a
decrease in the fluorescence intensity/signal of any fluorescent material. This
process occurs by different mechanisms, such as collisional and static quenching
[146]. Collisional (dynamic) quenching is the simplest quenching process which
occurs spontaneously whenever the excited fluorophores are in contact with the
guencher molecules, dispersed within the same medium. This type of quenching
takes place due to random collision of the quencher molecules with the
fluorophore while the latter is in the excited state [281]. The mechanism of
collisional quenching may be attributed to intersystem crossing or charge transfer
between the excited fluorophore and the diffused quencher, facilitating the non-
radiative transition of the excited fluorophore to its ground state. Common
examples of such quenchers are oxygen and halogens [146, 282]. The degree of
fluorescence quenching is controlled by many parameters summarised by the

Stern-Volmer equation as represented in Equation 4.1 [146, 283].

I Equation 4.1 [283
2 =1+ ky7[0] “ [283]
Where Iy and | are the fluorescence intensities of the fluorophore in the absence
and presence of the quencher, respectively, kq is the quencher rate diffusion
coefficient, 1o is the fluorescence lifetime and Q is the concentration of the

quencher [283].
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Static quenching is another mechanism for the fluorescence quenching which
occurs as a result of complex formation between a fluorescent molecule and a
quencher molecule providing a non-fluorescent complex. The reaction takes place
at the ground state of the fluorophore before the excitation [284]. Static quenching
is highly dependent on the quencher concentration, temperature and the
dissociation constant of the formed fluorophore-quencher complex. Generally,
both types of fluorescence quenching, collisional and static, require molecular

contact between the fluorophore and quencher [146, 283, 285].

In 1948, Theodor Forster introduced the theory of FRET, representing the first
quantum theory that explains the distance-dependent resonance energy transfer
from an excited fluorophore (donor) to a nearby acceptor (quencher) via a non-
radiative pathway [286]. This process is usually accompanied by fluorescence
quenching of the donor molecules and can be detected. The rate of fluorescence
quenching is highly dependent on the separation distance between the donor and

the corresponding acceptor [286, 287].

However, the term ‘FRET’ has subsequently been used to describe many
processes that are dependent on the distance between the fluorescent/donor
molecule and the corresponding quencher/acceptor, this term has been misused in
studies where the fluorescence transfer/quenching was observed within distances
longer than that described by Forster [288-291]. In spite of the widespread use of
the FRET theory, this is not the only explanation for fluorescence energy transfer
from a fluorescent donor to an acceptor within a certain distance. Many theories

have been established to explain the distance-dependent fluorescence
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transfer/quenching. The common factor in all of these theories is that the

fluorescence of the donor molecule is quenched by an acceptor.

4.1.1.1. Forster (fluorescence) resonance energy transfer (FRET)

FRET is a distance-dependent physical process that describes the non-radiative
transfer of electronic energy from an excited donor to a nearby acceptor, separated
by a distance from 1 to 10 nm [150, 286]. The donor molecule is fluorescent
whilst the acceptor molecule can be either another fluorophore or a quencher. The
process can be monitored by measurement of the fluorescence quenching of the
donor fluorophore or the increased fluorescence intensity of the fluorescent

acceptor.

The mechanism of FRET is due to dipole-dipole (resonance) coupling between
the donor and the acceptor molecules, occurring upon excitation of the donor
fluorophore [283, 285]. According to Forster, the efficiency of energy transfer is
dependent on many factors including the distance between the donor-acceptor
pair, Forster radius, the extent of their spectral overlap, the conformational
orientation of both the donor and the acceptor and the refractive index of the

medium, as illustrated in Equation 4.2 and Equation 4.3 [150, 292].

_ R§ Equation 4.2 [150, 292]
" R§ +r6
Where E is the efficiency of energy transfer, r is the distance between the donor

and its corresponding acceptor and Rg is the Forster radius at which the energy

transfer is 50 %.
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As shown in Equation 4.2, the efficiency of energy transfer is inversely
proportional to the six power of the separation distance (r) between the donor and
the corresponding acceptor whilst the most efficient energy transfer occurs when r
becomes close to the value of Rq for a given donor-acceptor pair. This limits the
reliable detection of energy transfer to the range of r = 0.5R, (E = 98.5%) to r =
2Ry (E = 1.5%), which consequently restricts the use of the FRET to detect
molecules within a distance from ~3 to 7 nm (30-70 A). This permits the
application of the FRET as a molecular ruler for the determination of distances
within the macromolecules and protein folding processes [293, 294]. In addition
to the distance factor, the emission spectrum of the donor fluorophore must
overlap with the excitation spectrum of the acceptor to allow the dipole-dipole
coupling [146, 150, 295-297]. Further, the Forster radius (Rg), measured in
angstroms (A), depends on the dipole orientation factor of both the donor and
acceptor (k%), spectral overlap integral of the donor-acceptor pair (J(A)), the
refractive index of the medium (1) and fluorescence quantum yield of the donor in
the absence of the acceptor (Qp), as shown in Equation 4.3 [150, 292]. Figure
4.1 shows the spectral overlap between the emission spectrum of a donor
molecule (D) with the absorption spectrum of a nearby acceptor (A), separated by
a distance (r) and dependence of the efficiency of energy transfer on the

separation distance [298].

Ry (R) = 2.11 x 102, [k2 . (A).n~* QD]% Equation 4.3 [150, 292]

Where Ry is the Forster radius, k? is the dipole orientation factor, J(A) is the
spectral overlap integral, 1 is the refractive index of the medium and Qp is the

quantum vyield of the fluorophore.
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Figure 4.1: (A) Hlustrative diagram shows the spectral overlap between the emission spectrum of
a fluorescence donor (D) with the excitation spectrum of a nearby acceptor (A), separated by a
specific distance (r) to achieve the FRET. (B) Effect of the separation distance between the donor—
acceptor pair on the efficiency of energy transfer [298].

Many fluorescent donors and their corresponding acceptors have been extensively
used in studies that utilising the FRET phenomenon as the design principle [299-
301]. Until the last decade, fluorescent organic dyes were the most common
acceptors that have been used in the FRET systems [58, 302, 303]. This increases
the background noise and necessitates the use of complex filters to remove this
noise [304, 305]. Commercially available non-fluorescent compounds, called
black hole quenchers (BHQs), have been specifically designed to be used in the
FRET assays instead of fluorescent acceptors [9, 306-308]. BHQs are molecules
with a broad absorption profile that can absorb light within the same emission
range of the donor molecules without re-emission of the absorbed light. Such
molecules, BHQs, are assigned with numbers 1, 2 and 3 to illustrate their
absorption range [309]. Table 4.1 summarises some fluorescent dyes that have
been used in biological applications and their corresponding commercially

available BHQs that are used to establish a FRET.
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Table 4.1: Fluorescent dyes that have been used in biological applications and their corresponding
black hole quenchers (BHQs) that have been utilised to establish FRET pairing systems

Fluorescent Dye” Corresponding BHQ Absorption maxima of BHQ
OG, FAM, JOE and TET BHQ1 534 nm
TAMRA, ROX, Cy3, CY3.5 BHQ2 579 nm
and Red 640
Cy5, Cy5.5 BHQ3 672 nm

“The corresponding commercial names (abbreviations) are used for the listed fluorophores.

In addition, luminescent semiconductor-QDs have recently been used as
fluorescent donors in many FRET-based biosensors instead of using organic
fluorophores [310-313]. Application of QDs in biological assays remains
promising; however, there are some undesirable effects as previously discussed in
Chapter 1 [78, 80]. Many other fluorescent donors such as green fluorescent
protein, lanthanides and f-SNPs have been reported for the development of FRET

systems [312, 314, 315].

Despite the extensive history of FRET and its applications, Forster theory is not
the only explanation for distance-dependent fluorescence energy transfer. It is
valuable to share the opinion of R. Clegg who published a comprehensive article
on the full history of energy transfer, he stated: “there are other modes of energy
transfer, and circumstances where Forster transfer is not valid; these require
different theoretical foundations. However, reserving “Forster” for the “F” in
FRET, whenever we mean Forster transfer, gives credit to the person who made it
possible for us to gain valuable, quantitative insight into so many processes at the

molecular scale, through relatively easy experiments.” [316].
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41.1.2. Dexter energy transfer

Dexter energy transfer is another theory that explains the mechanism of
fluorescence quenching between an excited donor fluorophore and a nearby
acceptor. Dexter energy transfer differs greatly from the FRET in the distance
scale and underlying mechanism. As represented in Figure 4.2, this process
occurs through a non-radiative pathway due to the exchange of an excited electron
of the donor molecule with another electron of the acceptor, accompanied by

fluorescence quenching of the donor molecule [317].
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Figure 4.2: lllustrative diggram shows the mechanism of the Dexter electron exchange/transfer

from an excited donor (D) to a nearby acceptor (A). Image was taken and modified from [318].

Unlike Forster model which is used to describe the resonance energy transfer
within a distance from 1 to 10 nm (10-100 A) via dipole-dipole coupling, Dexter
energy transfer occurs at the very short distances that typically less than 1 nm (10
A) [319]. Due to the electronic exchange over this short distance, the
wavefunction (electron cloud) of the excited electron must overlap with that of the

acceptor to allow the electronic exchange process [320].
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4.1.1.3. Nanometal surface energy transfer (NSET)

The advances in nanoscience have contributed in fabrication of nanomaterials
which exhibit new, interesting properties/phenomena that cannot be observed in
the bulk material or individual atoms [89-91]. It is obvious that, using some of the
established theories; such as the FRET, to explain these new properties/

phenomena is difficult and there is a need to revise such theories at this time.

NSET has been recently introduced to explain the energy transfer from a
fluorescent organic dye molecule (donor) to a plasmonic noble metal nanoparticle
(acceptor), separated by a longer distance than that reported for FRET [321-323].
NSET phenomenon can be observed within a distance up to 20 nm, which is
almost twice the maximum distance of the typical FRET systems. Similar to the
conventional FRET, the process of NSET can be assessed by recording the
fluorescence quenching of the donor molecule [324]. The efficiency of energy
transfer (E) of NSET depends on the inverse fourth power of the distance between

the donor and acceptor (r) as shown in Equation 4.4 [322, 325, 326].

1 Equation 4.4 [322, 327]

1+ [E
Where E is the efficiency of energy transfer, r is the separation distance between
the donor and its corresponding acceptor and rq is the separation distance when

the efficiency of energy transfer is 50%.
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This enhanced efficiency of energy transfer, compared to that of the FRET, may

be attributed to the interaction between the dipole of the excited donor
fluorophore with the electromagnetic field of the conducting electrons that
resonate around the plasmonic nanoparticle surface due to LSPR [322, 328].
Therefore, a small dipole in the excited fluorophore induces a large dipole in the
nanoparticle, leading to an enhancement in the efficiency of energy transfer [322,

329].

Another suggested mechanism for the process of NSET is based on formation of
electron-hole pairs near to the nanometal surface which allows the electronic
energy transfer from the excited fluorophore to the nearby nanoparticle surface
[330-332]. Figure 4.3 is an illustrative diagram that shows the energy transfer
from fluorophores to gold nanoparticles, separated by a specific distance. The
process may occur due to the interaction of fluorophore dipole with the enhanced
electromagnetic fields of the resonating electrons located close to the nanoparticle

surface [329].
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Figure 4.3: (A) lllustrative diagram shows the process of energy transfer from an excited
fluorophore to a noble metal nanoparticles surface due to NSET [329]. (B) The dipole coupling of
the excited fluorophore with electromagnetic field of gold nanoparticle, occurring due to LSPR
[322].
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However, previous reports have shown that the efficiency of NSET is dependent
on the inverse fourth power of the distance between fluorophore and gold
nanoparticle; other instances of enhanced energy transfer have been reported over
this distance [332-335]. The Liu research group has discovered that the
fluorescence quenching of QDs/DNA-core-shell structure was observed over a
separation distance up to 70 nm. In addition, the efficiency of energy transfer was
dependent on the 2.7" power of the separation distance between the centre of QDs
and the surface of gold nanoparticles [333]. Reineck et. al. have reported that the
efficiency of energy transfer between fluorescent molecules and gold
nanoparticles was observed within a separation distance up to 38 nm using silica
shells as spacer/separator between the donor fluorophore and the nanoparticle
surface [336]. Furthermore, the fluorescence quenching of QDs/silica shell was
studied over a distance up to 150 nm using 13 nm gold nanoparticles as
fluorescence quenchers [337]. In addition, f-SNPs and core-shell f-SNPs have
been utilised as fluorescent donors to study the fluorescence quenching over
different distances up to 50 nm while the quenchers were plasmonic nanoparticles
[288, 289, 336, 338, 339]. Generally, NSET has been reported as a technique to
study fluorescence energy transfer over distances up to 100 nm, which is almost
10 times like the distance of the conventional FRET [291, 327, 329, 332, 340,
341].

However while the utilisation of plain silica shells as spacers has improved the
energy transfer over longer distances than that reported for typical FRET or NSET
[336, 342]. The mechanism of this enhanced energy transfer/quenching is not

fully understood and further investigations are required [336, 341, 342].
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4.1.2. Functionalised silica nanoparticle as a versatile nanosensor platform

In many studies, DNA sequences have been used as spacers between the
fluorescent donor and the corresponding acceptor to study the energy transfer over
different distances [306, 343-345]. However when using DNA as a molecular
spacer, the precise distance control is a challenge and the conductivity effect of
DNA is still a matter of debate [336]. In contrast, when silica shells have been
utilised as spacers, the distance between the donor and acceptor can be controlled
[288, 289, 336-338, 346]. Additionally, using the silica shells as spacers has been
established to provide a versatile surface that can be readily functionalised to

permit further molecular conjugation.

41.2.1. Surface functionalisation of SNPs

The wide use of SNPs and core-shell SNPs as desirable platforms in nanosensor
technology is attributed to the favoured surface chemistry of silane,
biocompatibility, low toxicity and size control of silica [347-349]. Surface
functionalisation of SNPs is performed to develop an active surface that can bind
to several biomolecules, such as antibodies or aptamers, producing sensing
platforms [180, 350-353]. Additionally, such functionalisation is used to increase
the cellular uptake of the silica-based nanosensors, as previously discussed in
Chapter 3. The most popular approach for surface modification of SNPs is via
post-synthesis grafting of the required functional group based on a condensation
reaction between the non-functionalised SNPs and another organosilane
compound that carries the required functional group [348, 354]. Many
commercially available organosilane derivatives have been reported for SNPs

functionalisation and summarised in Table 4.2.
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Table 4.2: Some commercially available organosilanes that have been used for surface
functionalisation of SNPs [355]

Silane compound Chemical Structure Group Added | Reactive
towards
/OEt Amine NHS-ester
(3-aminopropyl)- H,N—(CH,)3-Si—OEt Carboxylic
triethoxysilane \o Bt acids
(APTES) Isothiocyanate
0 OH Carboxylic Amino groups
Carboxyethylsilane- + - / acid EDC
triol sodium salt (CS) | Na O_C_(CHZ)TS\'_OH
OH
0 OEt Aldehyde Secondary-
. . [ amines
11-(triethoxysilyl)- H—C——(CH,),o—Si—OEt
undecanal Cyanide
OFt Nitriles
OMe Sulfahydryl Maleimide

(3-mercaptopropyl)
trimethoxysilane

/
OMe

As shown in Table 4.2, APTES can be used to modify the surface of SNPs with

amine group to facilitate further binding to carboxylic acid-containing molecules

or NHS-biomolecules [356]. In addition, amino-SNPs were reacted with the

activated ester of biotin (NHS-biotin) to develop biotin-functionalised SNPs

capable of binding to streptavidin-biomolecules [171].

Further, carboxylic acid functionalised-SNPs (carboxy-SNPs) can be produced via

the modification of SNPs with carboxy-silane derivatives, such as carboxyethyl-

silanetriol sodium salt (CS). This modification has been extensively reported in

many studies and is considered as the most common surface modification for
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SNPs that has been reported [179, 351, 357-359]. Carboxy-SNPs are then used for
binding the amine moiety of amino-containing biomolecules via formation of an
amide bond as shown in Figure 4.4 [180, 360-363].
0 0
R

Rl)LOH + H2N R2 — R1 Ni1 + H,

Figure 4.4: The classical reaction between a carboxylic acid group and amino-molecule.

This classical chemical reaction has been widely used for binding a carboxylic
acid moiety; such as carboxy-SNPs, to amino-molecules. The efficiency of this
reaction is, however, quite low and activation of the carboxylic acid groups prior
to the reaction may be required; especially, when the concentration of the amino-
molecules is low [363]. Generally, to increase the efficiency of this reaction, more
reactive acid derivatives such as acid anhydride or acyl chloride are favoured

instead of the carboxylic acid moiety [363-365].

1-Ethyl-3-(3-dimethylaminopropyl)-N’-carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) have been extensively used to mediate the
formation of an amide bond between carboxylic acids and amines [363]. This
activation technique is frequently used in particle and surface conjugation
procedures, making this process the most popular activation technique in use
today [363]. The EDC/NHS coupling chemistry is based on using the zero-length
carbodiimide crosslinker (EDC) to activate the carboxylic acid group and form an
amine reactive o-acylisourea intermediate that spontaneously reacts with the
primary amine group to form an amide bond. Unfortunately, this reactive
intermediate is highly unstable and rapidly hydrolysed in aqueous solutions [363].

To increase the reaction stability, water solubility and improve the efficiency of
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conjugation, NHS or sulfo-NHS is coupled with EDC to react with the resultant
unstable intermediate. This produces a stable NHS-ester intermediate that can
react with an amine group with high efficiency [358, 363, 366]. Figure 4.5 shows
the activation reaction scheme of a carboxylic acid group using the EDC/sulfo-
NHS coupling chemistry to form a stable intermediate that reacts with amino-

molecule with high efficiency [363].
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Figure 4.5: A schematic diagram for the chemical reaction between carboxylic acid containing
molecule with amino-molecule using the EDC/sulfo-NHS coupling chemistry for the activation of
the carboxylic acid group [363].

Further, EDC/NHS activation reaction is highly sensitive to the pH of the medium
while the most efficient reaction occurs within pH from 4.7 to 6.0. Additionally,
primary amine-free and carboxylate-free buffers, such as 2-(n-morpholino)
ethanesulfonic acid (MES) buffer, with a pH from pH 5 to 6, is usually used as the

medium for the activation reaction [363].
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In addition to APTES and CS, other organosilanes such as triethoxypropyl-
undecanal, 3-mercaptopropyl trimethoxysilane and various PEG-silanes are
occasionally used for surface functionalisation of SNPs to add aldehyde,

sulfahydryl group and PEG linker to SNPs surface, respectively [173, 367-371].
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42. Aim

It is clear that, at the nanometre scale, some materials behave distinctly from the
bulk or individual atoms [89-91]. Additionally, the energy generated during the
fluorescence can be transferred over different distances depending on the type and
properties of the fluorescent donor and the corresponding acceptor. Different
examples of enhanced distance-dependent fluorescence transfer/quenching
between f-SNPs/core-shell-SNPs and a nanometal surface have been reported

[288, 289, 336-338, 346].

Until now, energy transfer or fluorescence quenching between f-SNPs, as
fluorescent donors, and a non-metal molecular acceptor/quencher, such as BHQs,
has not yet been studied. Herein, the overall aim of Chapter 4 is to investigate the
fluorescence quenching of f-SNPs, over different distances, using BHQs as

fluorescence quenchers.

The first aim of this Chapter is to prepare carboxy-SNPs that can bind to amino-
containing molecules with high efficiency. The effect of the EDC/NHS activation
process on the efficiency of binding is investigated and optimised. To achieve

this, p-SNPs are used to optimise the factors that may affect the binding reaction.

The second aim is to utilise the optimised SNPs to prepare different models of
TAMRA-SNPs and TAMRA-core-shell-SNPs; modified with carboxylic acid
groups, to bind to amino-BHQ?2, the selective non-metal quencher for TAMRA.
These models are then used to investigate the fluorescence quenching of TAMRA

after binding to BHQ2 using silica shells as spacers over different distances.
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4.3. Experimental

4.3.1. Materials and chemicals

Fluorescein cadaverine; 5-(5-aminopentyl)thioureidylfluorescein dihydrobromide
salt (amino-FAM) was obtained from Life Technologies, USA. Carboxyethyl-
silanetriol sodium salt, 25 % g/g (CS) was purchased from abcrGmbH, Germany.
1-Ethyl-3-(3-dimethylaminopropyl)-N’-carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich, UK. 2-(n-
morpholino)ethanesulfonic acid (MES) was obtained from Fisher Scientific, UK
and was used for the preparation of 0.2 M MES buffer at pH of 5.7, pH was
adjusted using 0.1 M NaOH. Amino modified black hole quencher 1® (amino-
BHQ1), succinimidyl ester derivative of BHQ1 and amino modified black hole
quencher 2® (amino-BHQ2) were purchased from Biosearch Technologies, USA.
The chemicals that were used for the synthesis of SNPs batches/models were

previously described in Chapter 2.

4.3.2. Preparation of SNPs

The production of p-SNPs, TAMRA-SNPs or BHQ1-SNPs was performed using
the optimised protocol that was detailed in Chapter 2 (page 44). Firstly,
succinimidyl ester derivatives of either TAMRA or BHQ1 (1 mg) were dissolved
separately into 1 mL of absolute ethanol and conjugated to certain volumes of
APTES. The molar ratio of TAMRA or BHQ1 to APTES was 1:1.2. The reaction
mixtures were stirred for 24 hours in the dark and then 100 pL of the conjugated
TAMRA-APTES or BHQ1-APTES were used for the synthesis of TAMRA-SNPs
or BHQ1-SNPs, respectively. The optimised protocol for the preparation of SNPs

was then followed as described in Chapter 2.

143



Chapter Four

4.3.3. Synthesis of core-shell TAMRA-SNPs [372]

Into separate scintillation vials, 10 mg of TAMRA-SNPs, with the size ~75 nm,
were accurately weighed, suspended into 1 mL of absolute ethanol and sonicated
for at least 30 minutes followed by the addition of either 30 pL or 50 pL of
NH,OH (28-30%). The mixtures were stirred for 30 minutes, followed by
consecutive three additions of 17 pL of TEOS with 15 minutes time intervals
between each addition. The vials with their contents were gently stirred for 24
hours and then the produced TAMRA-core-shell-SNPs were centrifuged and
washed three times with 1 mL of PBS; pH 7.4, and used directly for surface

functionalisation.

4.3.4. Surface functionalisation of SNPs with a carboxylic acid moiety [372]

10 mg of p-SNPs, TAMRA-SNPs or BHQ1-SNPs were suspended separately into
1 mL of PBS buffer and sonicated for 30 minutes while the suspensions of
TAMRA-core-shell-SNPs, prepared as in the last step, were used directly. To
functionalise the surfaces of all SNPs batches/models with a carboxylic acid
moiety, 40 uL of CS was added to each scintillation vial containing the specified
silica batch/model and the mixtures were gently stirred for 24 hours in the dark.
Following this, the resultant carboxy-SNPs, produced using each batch/model,
were centrifuged and washed with 1 mL of PBS. The last washing was performed
with 1 mL of 0.2 M MES buffer at pH of 5.7 and the resulting nanoparticle

suspensions, of all batches, were used for the EDC/NHS activation step.
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4.3.5. Activation of carboxy-SNPs with EDC/NHS

30 pL of freshly prepared EDC and NHS solutions (500 mg/mL in 0.2 M MES
buffer, pH 5.7) were added to each carboxy-SNPs batch/model, suspended in 0.2
M MES buffer. The reaction mixtures were gently stirred for 30 minutes followed
by centrifugation and washing, three times with 1 mL PBS buffer. After the last
wash, the suspensions of each sample were used for binding to amino-FAM or
amino-BHQ2 in PBS buffer, pH 7.4.

4.3.6. Conjugation of the activated SNPs to amino-FAM or amino-BHQ2

The EDC/NHS activated p-SNPs, or BHQ1-SNPs were reacted with 20 pL of
amino-FAM, prepared using 1 mg of amino-FAM, dissolved in 1 mL ethanol,
while the suspensions of the activated TAMRA-SNPs and TAMRA-core-shell-
SNPs were reacted with 120 pL (0.25 pmol) of amino-BHQ2 (1 mg/mL, prepared
in ethanol). The mixtures were gently stirred for 24 hours followed by
centrifugation and several washings with 1 mL of PBS. Following this, the
produced SNPs, conjugated to amino-molecules, were directly used for the
measurements of fluorescence intensity/quenching against blank samples of each

batch, treated similarly.

4.3.7. Characterisation of SNPs models

DLS instrument was used to measure the hydrodynamic diameters and zeta
potential values of the developed SNPs batches/models while eSEM was utilised
to characterise the size and shape of the corresponding SNPs sample. Fluorescence
measurements were performed using a Varian Cary Eclipse fluorescence

spectrophotometer. The fluorescence intensity/quenching of amino-FAM was
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recorded at 520 nm after excitation at 490 nm while the emission intensity/

quenching of TAMRA was measured at 575 nm after excitation at 550 nm.

4.3.8. Calibration of the optimised TAMRA-SNPs with amino-BHQ2

Different amounts of amino-BHQ2 which ranged from 0.02 pmole to 0.52 pmole
(10 pL to 250 pL of 1 mg/mL) were reacted with the EDC/NHS activated
TAMRA-SNPs (~10 mg/mL) for 24 hours, followed by centrifugation and
washing. Following this, the fluorescence signals/quenching of TAMRA-SNPs
after binding to amino-BHQ2 were recorded against blank TAMRA-SNPs

samples, treated similarly without the reaction with amino-BHQ2.
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4.4. Results and discussion

In this study, the surfaces of SNPs were utilised to bind amine-containing
molecules. The binding reaction was based on surface functionalisation of SNPs
with carboxylic acid groups to prepare carboxy-SNPs, providing a surface that
could be conjugated to amino-molecules via an amide bond. In order to establish
an efficient procedure for this binding, p-SNPs were firstly used and conjugated to
amino-FAM to optimise factors that may influence the efficiency of binding.
Once this efficient binding is achieved, TAMRA-SNPs and TAMRA-core-shell
SNPs were prepared and conjugated to amino-BHQ2, using the optimised
protocol, to investigate the process of fluorescence quenching over different

distances.

4.4.1. Optimisation of the binding reaction between p-SNPs and amino-
molecule

4.4.1.1.  Production of carboxy-SNPs [372]

Initial experiments for the surface functionalisation of SNPs were performed
using p-SNPs, with the size range of ~85 nm prepared and characterised as
previously described in Chapter 2. CS was utilised as a silane derivative which is
able to add a carboxylic acid moiety to the surface of p-SNPs, producing carboxy-
p-SNPs [372]. Measurements of the zeta potential values were used to evaluate
this surface functionalisation. The results revealed that the zeta potential value of
unmodified p-SNPs was ~ -31+5 mV. As shown in Figure 4.6, this value
significantly increased in the negative direction to -55+3 mV after CS

modification, indicating the successful surface functionalisation of p-SNPs with
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the carboxylic acid groups. In addition, this modification step did not markedly
influence the size of SNPs as the measured hydrodynamic diameters of carboxy-
SNPs were 91+9 nm which is almost in the same size range of the unmodified p-

SNPs.

Unmaodifed p-
SNPs
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Figure 4.6: The average of zeta potential values of unmodified p-SNPs and carboxy-SNPs,
prepared using CS.

To optimise the best amount of CS that is required for maximum surface
modification, different amounts of CS (25% wi/w), ranging from 0.0336 mmol to
0.336 mmol (20 uL to 200 pL), were utilised for surface functionalisation of p-
SNPs. The zeta potential values of the resulting carboxy-p-SNPs were measured
before and after functionalisation of p-SNPs with the corresponding CS quantity.
The results showed that varying amounts of CS did not significantly affect the
zeta potential value of the produced carboxy-SNPs as this value remind at about
-55+8 mV for all carobxy-SNPs, produced after functionalisation of p-SNPs using
the studied amounts of CS (Figure 4.7). The obtained results were in agreement
to that found in the literature which concluded that the varying amounts of CS did
not markedly influence the functionalisation process [173, 372]. These results

suggest that the surface of SNPs could be saturated with the carboxylic acid
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moiety using this concentration range of CS. As a result, for surface
functionalisation of SNPs with carboxylic acid groups, 0.067 mmol (40 pL) of CS
(25% w/w) was used as the optimum amount of CS and was used for all the

further experiments.
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Figure 4.7: The effect of varying amounts of CS on the zeta potential value of the produced
carboxy-SNPs using different CS quantities.
4.4.1.2. Binding of carboxy-p-SNPs to amino-FAM without EDC/NHS

activation

It has been reported that; prior to the binding of a carboxylic acid moiety to
amine-containing molecule, activation of the carboxylic acid group using the
EDC/NHS coupling chemistry is favoured to form a highly active intermediate
that can bind to amine- containing molecules with high efficiency [180, 373, 374].
In this study, the effect of the EDC/NHS activation on the binding of carboxy-
SNPs to amino-molecules has been studied. Firstly, the surface of carboxy-p-
SNPs was utilised to bind to amino-FAM without the EDC/NHS activation. The
fluorescence intensity of amino-FAM was measured before and after binding to

carboxy-p-SNPs. The efficiency of binding was calculated using Equation 4.5.
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F .
% of Binding = F_B x 100 Equation 4.5
T

Where Fg is the fluorescence intensity of the bound amino-FAM to carboxy-p-

SNPs and F+ is the fluorescence intensity of the total amino-FAM before binding.

After the reaction, the nanoparticles were collected by centrifugation and then the
fluorescence intensity of amino-FAM molecules that were linked to carboxy-p-
SNPs was measured in the nanoparticle suspension while the fluorescence of the
unbound free amino-FAM was recorded in the supernatant, resulted from
nanoparticle separation. The results revealed that the majority of amino-FAM
molecules did not bind to carboxy-p-SNPs that were prepared without the
EDC/NHS activation. As shown in Figure 4.8, the fluorescence intensity of
amino-FAM molecules that were linked to p-SNPs, measured in the nanoparticle
suspension, did not exceed 15% of the total fluorescence intensity of amino-FAM
(blank), recorded before the reaction with carboy-p-SNPs. Whilst, the
fluorescence intensity of the unbound amino-FAM, detected in the supernatant,
was almost 70-80% of the original fluorescence intensity of amino-FAM,
measured before the reaction. Additionally, increasing the concentrations of
amino-FAM did not improve the percentage of binding as it remained at this level.
These results may indicate that the carboxylic acid groups, grafted onto the
nanoparticle surface, were not reactive enough to bind amino-FAM with sufficient
efficiency. These results reflect that the efficiency of binding of amino-molecule
to carboxy-SNPs, prepared without the EDC/NHS, will not exceed 15% and
activation of the carboxylic acid groups may be required to improve the reaction

efficiency.
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4.4.1.3. Binding of carboxy-p-SNPs to amino-FAM after EDC/NHS activation

The binding reaction between amino-FAM and carboy-p-SNPs was studied after
activation of carboxy-p-SNPs using the EDC/NHS coupling chemistry. The same
concentration of amino-FAM, utilised to investigate the binding of carboxy-p-
SNPs without EDC/NHS activation, was used. A similar protocol for the
nanoparticle separation and fluorescence measurements were performed as

previously described for the reaction without the EDC/NHS activation.

The results showed that a significant increase in the fluorescence intensity of the
linked amino-FAM, measured in the nanoparticle suspension, was observed after
binding to the EDC/NHS-activated p-SNPs. The fluorescence intensity of amino-
FAM, measured after conjugation to the EDC/NHS activated SNPs was ~70% of
the fluorescence intensity of the total amino-FAM, recorded in the solution prior
to the reaction. This indicates that the percentage of the linked amino-FAM to the
EDC/NHS activated carboxy-p-SNPs and hence, the efficiency of binding was

~70% as in Figure 4.8.
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Figure 4.8: The fluorescence spectra of amino-FAM, measured in solution prior to the binding
with SNPs (blank, blue line), after binding to carboxy-p-SNPs, prepared without the EDC/NHS
activation (red line) and after binding to the EDC/NHS activated carboxy-p-SNPs (green line).
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This improved binding efficiency, resulting after the EDC/NHS activation,
demonstrates the importance of this activation process for the conjugation of
amino-molecules to SNPs surface. As a result, the EDC/NHS activation process

was utilised to bind amino-molecules to the surface of carboxy-SNPs.

Further, varying concentrations of either EDC or NHS did not influence the
efficiency of this binding which could indicate that the utilised concentrations of
EDC and NHS exceeded the required concentration to activate all or most of the

carboxylic acid groups, grafted onto the surface of SNPs.
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4.4.2. Study of fluorescence quenching process using TAMRA-SNPs models

The optimised procedure for the binding of amino-molecules to the EDC/NHS
activated p-SNPs was further utilised for the conjugation of amino-BHQ?2 to the
surface of the EDC/NHS activated TAMRA-SNP. This was performed to study
the fluorescence quenching or fluorescence energy transfer between TAMRA and
BHQ2 molecules through silica matrix over different distances. In this study,
three models of TAMRA-SNPs and TAMRA-core-shell-SNPs were prepared,
characterised and linked to amino-BHQ2, using the optimised EDC/NHS

protocol.

442.1. Production and characterisation of SNPs models

The optimised protocol that was described in Chapter 2 for the production of f-
SNPs was followed to prepare TAMRA-SNPs with the size range of ~75 nm
(Model 1) or BHQ1-SNPs, with the same size range of Model 1. Additionally,
Model 1 was utilised to synthesis two further models of TAMRA-core-shell-
SNPs. These core-shell models were produced through formation of plain silica
shells with different thicknesses around Model 1 to produce TAMRA-core-shell-
SNPs, encapsulating TAMRA molecules within their core and separated from
BHQ2 over different distances, using silica shells as spacers. The hydrodynamic
diameters and size range of these models were measured by DLS instrument and
imaged by eSEM as shown in Figure 4.9. Model 2 consisted of ~25 nm plain
silica shell@75 nm TAMRA-SNPs core, to produce TAMRA-core-shell-SNPs
with a total diameter of ~100 nm, whilst Model 3 composed from ~50 nm plain
silica shell@75 nm TAMRA-SNPs, producing TAMRA-core-shell-SNPs with a
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total diameter of ~125 nm. Figure 4.9 illustrates diagrams for the prepared

models of TAMRA-SNPs and TAMRA-core-shell-SNPs, their measured

hydrodynamic diameters and the corresponding eSEM image for each model.
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Figure 4.9: lllustrative diagrams represent the studied models (1, 2 and 3) and characterisation of
these models by DLS and eSEM. The purple stars in the diagram represent the molecules of BHQ?2
while the red dots represent TAMRA molecules. The blue circles around the diagram show the

plain silica shells while the yellow circles represent the fluorescent nanoparticle or the fluorescent
core.
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The process of silica shell formation was based on using silica precursor (TEQS)
and the catalyst, NH,OH, to produce silanol monomers that could be condensed
onto the surface of TAMRA-SNPs, producing silica shells around the fluorescent
nanoparticles. Similar to the synthesis of SNPs, the shell thickness can be
controlled by varying the concentration of NH;OH, as discussed in Chapter 2.
This concentration must be carefully selected to form a silica shell with a specific

thickness around the nanoparticle [160, 372, 375, 376].

After the production of the aforementioned models, CS (25% w/w) was used to
functionalise their surfaces with carboxylic acid groups, using the optimised
procedure described earlier in this chapter for the surface modification of SNPs.
The zeta potential value of each model was measured before the functionalisation
which was in the range of -30 £9 mV for all batches. This value was significantly
decreased to ~ -50 mV after modification with CS which indicates successful
surface functionalisation. Further, all the developed models were utilised to
investigate the process of fluorescence quenching of TAMRA after binding to

amino-BHQ2 using the EDC/NHS activation process.

However, accurate size-control of the silica shell in Model 2 and Model 3 was
difficult and the resultant core-shell models were not perfect spheres as in Figure
4.9. These changes in nanoparticle shape and the surface area of Model 2 and
Model 3 could influence the fluorescence quenching process due to variations in
the number of the linked BHQ2 molecules to the nanoparticle surface. However,
plain silica shells with different thickness have been synthesised around the
nanoparticles as detected by DLS and confirmed by eSEM. The measured radii of

these shells were greater than 10 nm which is beyond the Forster radius of FRET.
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Further, the fluorescence quenching in this study was investigated for nanoparticle
batches that contain the same amounts of TAMRA and not for individual
nanoparticles. Therefore, such surface area and shape change could have

minimum effect on the results discussed below.

4.4.2.2.  Study of the fluorescence quenching process using Model 1

The fluorescence quenching/transfer process was firstly investigated using Model
1. In this study, TAMRA was utilised as a fluorescent donor while BHQ2 was
used as the corresponding quencher/acceptor. TAMRA was selected as an
exemplar pH-insensitive fluorophore that can emit light in the visible region at
~575 nm which greatly overlaps with the excitation spectrum of BHQ2, making

BHQ?2 a convenient quencher/acceptor for the emission of TAMRA.

To study the fluorescence quenching/transfer between TAMRA and BHQ2
throughout the silica matrix, the EDC/NHS activated Model 1 was conjugated to
amino-BHQ2 using the optimised procedure, described in this chapter. The
fluorescence intensity of Model 1 was recorded after binding to amino-BHQ2,
against a blank sample of Model 1, treated similarly and prepared without binding
to amino-BHQ2. The percentage of fluorescence quenching was calculated as the
mean of the differences between the fluorescence intensity of TAMRA, recorded
without BHQ2 binding (blank) and after binding to amino-BHQ2 using Equation

4.6.

Fp —F Equation 4.6

1%100

%of Q=

b
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Where % of Q is the percentage of fluorescence quenching, Fy is the fluorescence
intensity of the studied model without binding to amino-BHQ2 and Fq is the

fluorescence intensity of the studied model after covalently binding to BHQ2.

The results shown in Figure 4.10 illustrate that a significant quenching of the
fluorescence intensity of Model 1 was observed after binding to amino-BHQ2.
The maximum percentage of fluorescence quenching was ~75% of the original
fluorescence intensity of the blank sample of Model 1, prepared without binding
to amino-BHQ2. In addition, the effect of varying amounts of amino-BHQ2 on
the fluorescence quenching was investigated as in Figure 4.10. In these
experiments, the same batch of Model 1 (10 mg/mL) was used, modified with CS,
activated using the EDC/NHS and then linked to varying amounts of amino-
BHQ?2, ranging from 0.02 pumol to 0.52 pumol (10 L to 250 pL of 1 mg/mL). The
percentage of fluorescence quenching was calculated against blank samples,

treated similarly and prepared without binding to BHQ2.
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Figure 4.10: The fluorescence spectra of Model 1, prepared without binding to BHQ2 (top
spectrum, blank) and after binding to different amounts of BHQ2 from 0.02 pumol to 0.52 pmol (all
other spectra).
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As shown in Figure 4.10, the fluorescence intensity of TAMRA molecules,
encapsulated in Model 1, gradually decreased as the amount of BHQ2 was
increased. Further increasing the amount of BHQ2 above 0.2 pmol (100 pL of 1
mg/mL) did not influence the percentage of fluorescence quenching as it reached
the maximum level of about 75%. Such results indicate the dependence of the
fluorescence quenching of TAMRA on the quantity of BHQ2. The relationship
between the mean (n=5) of the percentage of quenching, resulting from Model 1,
and BHQ2 amount was constructed. As represented in Figure 4.11, the
percentage of TAMRA quenching gradually increased as the amount of amino-
BHQ2 was increased from 0.02 pumol to 0.2 pumol (10 pL to 100 pL, 1 mg/mL)
and then remained without significant changes as the amount of BHQ2 increased
from 0.2 umol to 0.52 pumol. The obtained relationship is similar to the typical
Beer—Lamabert’s calibration curve for the UV-visible measurements [377].
Therefore, 0.25 pmol (120 pL of 1 mg/mL) of amino-BHQ2 was used throughout
this study as the optimum amino-BHQ2 amount that could achieve maximum

fluorescence quenching (~75%) of the original fluorescence of Model 1.
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Figure 4.11: The relationship between the percentage of fluorescence quenching of Model 1 and
different amounts of BHQ2, ranged from 0.02 to 0.52 pumol.

4.4.2.2.1. Effect of BHQ2 diffusion on the fluorescence quenching of Model 1

Investigations were made to study the effect of BHQ2 diffusion through silica
matrix on the fluorescence quenching that was observed in Model 1. In these
experiments, Model 1 was prepared without any surface functionalisation and
stirred with amino-BHQ2 (0.25 pmol), for 24 hours, followed by centrifugation
and washing of the nanoparticle suspension. The fluorescence signal/quenching of
TAMRA, encapsulated in Model 1, was measured before and after the addition of
amino-BHQ2 to the unmodified Model 1. As represented in Figure 4.12 the
measured fluorescence intensity of TAMRA was almost the same before and after
the addition of BHQ2 to the unmodified Model 1, which indicates the negligible
diffusion of BHQ2 molecules throughout the silica network. These results reflect
that the florescence quenching that was observed in Model and previously

demonstrated in Figure 4.11 is due to the effect of the linked BHQ2 molecules to
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the nanoparticle surface, not due to random diffusion of BHQ2 molecules through

silica matrix.
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Figure 4.12: The fluorescence spectra of Model 1, prepared without surface modification or
activation, measured before the addition of amino-BHQ2 (blue line) and after BHQ2 addition (red
line).The nanoparticle suspension was stirred for 24 hours with the added BHQ?2.

4.4.2.2.2. Effect of quencher type on the fluorescence quenching process

To study the effect of quencher type on the fluorescence quenching/transfer,
BHQ1-SNPs, with a size of ~75 nm, were prepared and activated as described for
Model 1 using the EDC/NHS process. BHQ1 is a molecular quencher that can
absorb light in the range from 480 nm to 580 nm while the maximum wavelength
at 534 nm. This makes BHQ1 an efficient quencher for the emission of FAM due
to the spectral overlap of the emission spectrum of FAM with the excitation
spectrum of BHQ1 [378]. In this work, amino-FAM was linked to the surface of
the EDC/NHS activated BHQ1-SNPs. After nanoparticle separation, the
fluorescence intensity/quenching of the linked amino-FAM was recorded in the
nanoparticle suspension and compared to the fluorescence of amino-FAM; with

the same concentration, conjugated to the surface of p-SNPs as a blank sample.
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As shown in Figure 4.13, the difference between the fluorescence intensity of
amino-FAM that attached to p-SNPs and those linked to BHQ1-SNPs; using the
same concentration of amino-FAM, was ~90% which could be attributed to the
FRET process. These results reveal that the fluorescence quenching process could
be achieved between a fluorescent donor and a corresponding acceptor thorough
the silica matrix regardless the type of the donor or the corresponding acceptor

molecule.
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Figure 4.13: The fluorescence intensity of amino-FAM molecules after binding to BHQ1-SNPs
(red spectrum) and p-SNPs (blue spectrum).
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4.4.2.3. Study of fluorescence quenching process using core-shell-TAMRA-

SNPs

Model 2 and Model 3 were prepared and utilised to investigate the fluorescence
quenching of TAMRA molecules, encapsulated within the fluorescent core, and
BHQ?2 over different distances using silica shells as spacers. The production of
Model 2 and Model 3 was based on utilising the same batch of Model 1 that was
previously used to investigate the fluorescence quenching of TAMRA using
Model 1. The same nanoparticle batch was used to minimise any batch to batch
variation and prepare TAMRA-core-shell-SNPs, incorporating the same amount
of TAMRA molecules as in Model 1. Furthermore, the same number of
centrifugation and washing cycles was performed throughout these experiments to

minimise any errors that may result due to loss of nanoparticles.

The fluorescence quenching of TAMRA in Model 2 and Model 3 was studies
after their binding to amino-BHQ2 (0.25 pmole), using the EDC/NHS chemistry.
The percentages of fluorescence quenching of Model 2 and Model 3 were
calculated using Equation 4.6 after their binding to BHQ2, and compared to
blank samples of each model. As shown in Figure 4.14 and summarised in Table
4.3, the percentage of fluorescence intensity of TAMRA was significantly reduced
using these two models due to the effect of BHQ2. Maximum fluorescence
guenching with the percentage of ~45% or 25% was obtained using Model 2 or
Model 3, respectively. Additionally, increasing BHQ2 amounts above 0.25 pmol
did not influence these percentages of quenching. Figure 4.14 shows the

fluorescence spectra of the developed models, measured after their binding to
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BHQ2 and compared to the corresponding blank sample, where no BHQ2 was

conjugated.
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Figure 4.14: The fluorescence intensities of different models of TAMRA-SNPs and TAMRA-
core-shell-SNPs after binding to BHQ2 (0.25 umol), using different separation distances, and
compared to the corresponding blank where no BHQ2 was bound.

In comparison to Model 1, the surface areas of Model 2 and Model 3 were
different, which means that the number of BHQ2 molecules that could bind to the
surface of these models were not be the same as that bound to Model 1. However,
the obtained results suggest that the surface of these models probably was
saturated with amino-BHQ2 (0.25 pmol) as the percentage of quenching did not
significantly change upon increasing the quantity of BHQ2 above the optimised
amount (0.25 pmol). Table 4.3 summarises the fluorescence quenching study

using the studied different models of SNPs.
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Table 4.3: A summary for the fluorescence quenching study using different models of TAMRA-
SNPs and TAMRA-core-shell-SNPs

Model Name Model 1 Model 2 Model 3
ks Ry *t-tt*i‘-
Illustrative diagram Rl A o - K
% u : - " *;i- e 1" . E
Ly L s WS
ti- & - ** .:
W iy PR
Approximate diameters ~75nm ~100 nm ~125 nm
Composition TAMRA- 25 nm plain shell@75 | 50 nm plain shell@75nm
SNPs nm TAMRA-SNPs TAMRA-SNPs
Approximate separation 37.5nm 50 nm (37.5 nm + 12,5 | 62.5 nm (37.5 nm+ 25 nm)
distance from the centre nm)
of TAMRA and BHQ2
Fluorescence quenching 75% 45% 25%

(%)
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4.4.2.4. Explanation of the fluorescence quenching process using silica models

In the present work, the developed silica models were prepared using the same
batch of TAMRA-SNPs to produce different models that incorporating
approximately the same amounts of TAMRA molecules. In addition, the same
quantity of BHQ2 (0.25 umol) was utilised to study the fluorescence quenching of
TAMRA over different distances using silica shells as spacers. The results
revealed that maximum fluorescence quenching with percentages of about 75%,
45% and 25% were obtained for Model 1, Model 2 and Model 3, respectively.
Further, increasing the amount of amino-BHQ2 above 0.25 pmol did not
markedly affect the percentage of quenching as shown in Figure 4.10 and Figure
4.11 for Model 1. Additionally, a negligible effect of BHQ2 diffusion through the

silica matrix was observed as illustrated in Figure 4.12,

At first glance, the percentage of fluorescence quenching (75%) that was observed
in Model 1 could be attributed to reabsorption of the emission of TAMRA by
BHQ2. However, the fluorescence quenching that resulting from Model 2 and
Model 3 caused a rethink of this explanation to take into consideration the
improved fluorescence quenching over long distances that was reported when
silica was utilised as spacer between fluorophore and noble-metal nanoparticle

surface or QDs [288, 289, 336-338, 346].

As the distance (radius) between the centres of Model 1 and BHQ?2, attached to
the surface, is ~37.5 nm. This distance is approximately four times as the distance
that is required for typical FRET. However, the fluorescence quenching that was
observed using such model can be explained by FRET as the observed quenching

could be resulting from the 10 nm distance closest to the nanoparticle surface.
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In Model 2 and Model 3, the scenario is completely different where TAMRA
molecules were separated from BHQ?2 by silica shells with radii of 12.5 nm and
25 nm (12.5 nm x 2), respectively. The obtained percentage of fluorescence
quenching was about 45% and 25% for Model 2 and Model 3, respectively.
However, it is supposed that the amount of TAMRA and BHQ2 were almost the
same in all models. The only difference between such models was the separation
distance between TAMRA and BHQ2. Therefore, changes in the fluorescence
quenching of TAMRA using the studied models could be attributed to the
difference in the separation distance between TAMRA and BHQ?2 using silica as

spacer.

Because the separation distances in Model 2 and Model 3 were over the 10 nm
barrier of the conventional FRET. Therefore, it is not appropriate to use the
Forster theory to explain the fluorescence quenching, occurred in these two
models. Meanwhile, previously reported studies have shown some examples of
improved fluorescence energy transfer/quenching between a fluorophore and a
noble-metal nanoparticle over extended distances up to 40 nm. Such improved
guenching was observed only when silica shells were used as spacers between the
donor and the corresponding quencher gold nanoparticles; however, all these
studied attributed the observed energy transfer/fluorescence quenching to the
plasmonic properties of the noble-metal nanoparticles rather than silica [336-339].
However, the role that silica may play to improve the process of fluorescence
transfer/quenching is not yet fully understood or proven. According to the
obtained results in this study, the fluorescence quenching, resulting from Model 2
and Model 3, can now be identified in more details and could be attributed to the

potential role of silica to enhance the fluorescence transfer/quenching over
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extended distances. Additionally, the percentage of fluorescence quenching (75%)
using Model 1 can be explained by a FRET, which could be produced within the
10 nm near to the nanoparticle surface, plus the other hypothesis that was used to

explain the process in Model 2 and Model 3.

Despite the maximum percentage of quenching of Model 1 did not reach 100%,
even when high concentration of BHQ2 was used. This may indicate that not all
the total distance between the nanoparticle centre and the surface (~37.5 nm) was
involved in the process as there were some TAMRA molecules, located close to

the centre of Model 1, may not be affected by the BHQ2 molecules.
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45. Conclusion

In this study, surface modification of SNPs with a carboxylic acid moiety was
performed and the resultant carboxy-SNPs were utilised for further conjugation to
amino-molecules. The efficiency of binding of carboxy-SNPs to amino-molecules
was improved upon activation the surface of carboxy-SNPs with EDC/NHS prior
to binding the amino-molecules. The results revealed that the efficiency of
binding of carboxy-SNPs to amino-molecules was ~15% when amino-molecules
linked to carboxy-SNPs, prepared without the EDC/NHS activation process.
Whilst using the EDC/NHS coupling chemistry improved the efficiency of

binding to about 70%.

Using the optimised protocol for the binding of amino-molecules to carboxy-
SNPs, the study was extended to investigate the process of fluorescence
guenching of TAMRA-SNPs after binding to amino-BHQ2. Three different
models of TAMRA-SNPs (75 nm, Model 1) and TAMRA-core-shell-SNPs;
composed of either 25 nm or 50 nm plain silica shells@75 nm TAMRA-SNPs-
core, were prepared. The size control of the silica shells thickness was
successfully achieved. In addition, the EDC/NHS activation was utilised to
activate the developed models which were then attached to amino-BHQ2 to study
the fluorescence quenching/transfer of TAMRA through silica matrix over
different distances. The results showed that a distance-dependent fluorescence
guenching between TAMRA molecules and BHQ2 could be achieved and a

maximum fluorescence quenching was obtained. Furthermore, the relationship
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between the percentage of fluorescence quenching and BHQZ2 concentration was

established.

The effects of BHQ2 diffusion through the silica matrix and type of
donor/acceptor pair on the process of fluorescence quenching were studies. The
results showed that there was no diffusion of BHQ2 through the silica matrix and
hence, the observed fluorescence quenching is attributed to the attached BHQ2 to
the surface of TAMRA-SNPs. In addition, the type of the fluorescent donor or the

quencher did not influence the process of quenching.

Maximum fluorescence quenching of ~75%, 45% and 25% were obtained after
binding of the developed models to 0.25 pmol of amino-BHQ2, using EDC/NHS.
Overall, the obtained results may indicate that using silica shells as spacers
improved the fluorescence quenching process over extended distances beyond the
10 nm barrier of the typical FRET. However the hypothesis for this enhanced
fluorescence quenching over this extended distance is not yet clear. In conclusion,
this study showed interesting results of fluorescence quenching/transfer between

TAMRA-SNPs and BHQ2 over extended distances for the first time.
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5.1. Introduction

5.1.1. Aptamers

Aptamers are artificial single stranded oligonucleotide sequences (DNA or RNA)
that can bind to many targets, including drugs, proteins, nucleic acids, viruses,
bacteria or even whole cells, with high affinity and specificity [379]. Aptamers are
typically less than 100 mer, selected in-vitro from a random library of
oligonucleotides that comprised of approximately 10%%-10' oligonucleotide
sequences by the process of SELEX (systematic evolution of ligands by
exponential enrichment). The SELEX process has been patented in 1990 as a
method for the identification and production of unique oligonucleotide sequences
(aptamers) that have high binding affinity to specific targets [379-383].

However, the full mechanism of aptamer-target binding is not completely known;
this could be attributed to the capability of aptamers to fold upon binding to
incorporate the small molecules into their nucleic acid structure or integrate into
the structure of large molecules. Additionally, aptamers may recognise and bind
the corresponding target through structural recognition, a process similar to

antigen-antibody recognition as shown in Figure 5.1 [384].

N O
G

L

sy ¢ 3D structure Target
formation ¥ binding
. 4 \ .
A R,
\ S |
A L )
£ (.
. = ¥ M
Aptamer sequence Functional aptamer Cancer cell

Figure 5.1: A schematic diagram shows the aptamer folding upon binding to a specific biomarker
on a cell surface [384].
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The affinity of aptamer binding is determined by the dissociation constant (Ky) of
aptamer-target complex which is typically in the range of UM to pM. This makes
the sensitivity of aptamer binding comparable to that of some monoclonal
antibodies and thus, aptamers have also become known as ‘chemical antibodies’

[384, 385].

Aptamers have several attractive advantages over antibodies which make them
very promising ligands to replace the use of antibodies in analytical and
diagnostic methods [382, 386, 387]. A significant advantage of aptamers is their
in-vitro production without the involvement of animals. Therefore a low-cost
production, little batch-to-batch variation and production of specific ligands for
toxic materials can be achieved. Furthermore, aptamers have considerable
resistance to thermal and chemical denaturation, permitting prolonged shelf-life
and long-term storage stability. In addition, aptamers elicit little or no
immunogenicity to the cellular system [379, 382, 388, 389]. Due to these
advantageous characteristics, aptamers have been used in many investigations for
therapeutic and biological applications [384, 388, 390-392]. The Food and Drug
Administration (FDA) has approved a number of aptamers as therapeutic agents
for the treatment of some diseases based on aptamer affinity properties [393].
Furthermore, many aptamers are in the process of clinical trials for the treatment
of diseases such as solid tumours, acute myeloid leukaemia, age related diseases

and other chronic diseases [384, 393, 394].
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5.1.2. Aptamers; the future sensing probes (aptasensors)

The utilisation of aptamers as binding ligands in biological assays has become of
high interest in several analytical applications during the last decade. Currently,
reports that describe the development of aptamer-based biosensors (aptasensors)
for chemical and biological measurements are almost published on a weekly basis
[382, 386, 387]. The use of aptamers in biological assays removes the need to use
multiple reagents and several washing steps, associated with the antibody-based
biosensors. Accordingly, aptasensors may provide rapid and reliable analytical
tools that can be applied to detect the target in real-time [395].

Varieties of electrochemical, fluorescent, luminescent or SPR-based aptasensors
have been reported for multiple analytical and biological measurements.
Particularly, electrochemical and FRET-based aptasensors have been extensively
reported for the analytical assays [343, 360, 396-400]. The simplest approach for
the development of aptasensors is to detect the DNA hybridisation process, as
shown in Figure 5.2 which represents an example for a FRET-based aptasensor

(molecular beacon) for the detection of a DNA hybridisation [324, 401, 402].
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Figure 5.2: A schematic diagram for a FRET-based aptasensor (molecular beacon) that has been
reported for the quantitative detection of DNA hybridisation process [401].

173



Chapter Five

In this type of aptasensor, a single stranded DNA (ssDNA) aptamer is labelled
with a fluorescent donor at one end while the other end is attached to a
corresponding acceptor/quencher. Both ends of this oligonucleotide sequence are
complementary to each other and can be hybridised together to form the hairpin or
stem-loop DNA structure (molecular beacon) and initiate a FRET process [288,
403]. Upon hybridisation of the target DNA (complementary sSDNA),
conformational changes occur which leads to opening of this stem-loop structure,
increasing the distance between the donor-acceptor pair. As a result, the
fluorescence of the donor, corresponding to the concentration of the hybridised

target DNA, is restored and used for quantification [401].

Similar approaches for the development of electrochemical aptasensors for the
detection of complementary DNA sequence or target protein have been reported
[404-407]. The aptamers are attached to an electroconductive surface, such as
gold electrode, at one end while the other complementary end is labelled with a
redox tag, such as methylene blue, to allow the passage of electrical current. In the
presence of the target molecule (DNA or protein), this hairpin structure is
unfolded, pushing the redox tag away from the electro-active surface to alter the
electron transfer process (Figure 5.3). The recorded changes in the redox current,
resulting upon target binding, are used for the quantitative determination of the

target analyte [408].
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.~ Gold Substrate & Methylene Blue ﬁ?ﬁ Target

Figure 5.3: Illustrative diagram for an electrochemical aptasensor that has been reported for the
detection of a target protein. Image was modified from [408].

In addition to using the aptamer hairpin structural switching as a mechanism for
the measurement, other sensing strategies have been reported based on
displacement reactions or competitive assays [383, 397, 409, 410]. In these
systems, the aptamer is attached to a fluorescent donor or an electro-active surface
and then hybridised with a short partial complementary oligonucleotide segment
that carrying a corresponding quencher or a redox tag to alter the recorded signal.
Upon the target binding, the short oligonucleotide segment, carrying the quencher
or the redox tag, is displaced and the recorded signal is changed, corresponding to
the target concentration. Figure 5.4 represents a schematic diagram of a FRET-
based aptasensor that has been reported for the detection of thrombin using the

displacement mechanism as the principle for the assay [410].

g TR + S

Figure 5.4: A schematic diagram illustrates the use of a FRET-based aptasensor for thrombin
detection, as a model protein, based on the displacement of the quenching DNA segment upon
thrombin binding [410].
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Due to the high affinity of binding and advantageous use of aptamers, aptasensors
have been developed for the detection of biological markers and chemical
compounds, including DNA sequences, copper, ATP, thrombin, cocaine, bacteria,
viruses and cancerous cells [351, 389, 392, 411-418]. Recently cytokines, one of
the most important biological and disease biomarkers, have been detected using
the corresponding aptamers for molecular recognition. The importance of
cytokines and the current analytical methods for their detection are illustrated on

the following section.

5.1.3. Cytokines; the signalling biomarkers

Cytokines are cell signalling carriers that affecting nearly every biological process
including embryonic development, disease progression, cell differentiation and
mediate the immune response of the body. Furthermore, cytokines play vital roles
in the progress of the degenerative processes of aging, cancer development and

efficiency of vaccines [419].

Cytokines are water soluble endogenous proteins or glycoproteins, with molecular
weights of ~10-30 kDa and produced mainly by leukocytes; the cells of the
immune system. Most cytokines have a multifunctional biological activity and act
primarily as inflammatory mediators, growth promoters for cells including
cancerous cells, and defend against pathogens [420, 421]. Because the cytokines
are not structural proteins, their biological properties were and are still used for
defining the corresponding cytokine. Scientists agreed to use the term
‘interleukins’ to describe the cytokines that are assumed to be primarily targeting

the leukocytes. However, it has emerged that interleukins did not target
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leukocytes only and hence, the term interleukins is currently used to name and
number a new cytokine whenever discovered [422].

Cytokines are released into the blood stream and bind to their corresponding
cellular receptors, initiating series of intracellular reactions to stop and fight off
the disease [423-425]. Figure 5.5 illustrates the release and major functions of

several cytokines [426].
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Figure 5.5: The activation, release and major functions of several cytokines [426].

Cytokines are classified into distinct sub-families depending on the type of the
secreting-cell, corresponding functions and targets. The interleukins are the
biggest family of cytokines with more than 30 subtypes. Each interleukin has a
specific, distinct stimulatory, regulatory or inhibitory role, however, there are
several interleukins that are involved in all or most of these functions [427]. While
the term interleukins is used to describe the major types of cytokines, there are
other kinds of cytokines that are not included in the interleukin family. The most

prominent of these cytokines are interferons (IFNs), simply classified into IFN-a,
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IFN-B, IFN-y subtypes, secreted mainly by the macrophages and T- lymphocytes
to stimulate the entire immune system in response to different pathogens. IFNs
play major roles in cellular differentiation and division; one of the most important
factors in cancer development [423]. Currently several IFNs, especially IFN-y,
have been approved for the treatment of diseases such as chronic viral hepatitis,

genital warts, sclerosis and cancer [428-431].

5.1.4. The current methods for cytokine detection

During the past 25 years, cytokines have become important markers in biology
and medicine for the diagnosis, prognosis and treatment of multiple diseases [419,
432]. Due to the vital roles that cytokines play in our life, many analytical
methods have been reported for their detection. Generally, these methods can be
classified into classical immunoassays, flow cytometry, biosensors, nanosensors

and other methods.

5.14.1. Classical immunoassays for cytokines detection

ELISA, Sl and enzyme-linked immunospot (ELISpot) are the most extensive
methods that have been reported for the detection of many cytokines. These
methods are based on using the corresponding primary antibodies to capture the
cytokine of interest followed by the addition of enzyme-linked secondary
antibodies, capable of binding to the target cytokine. Addition of the
corresponding substrate for the linked enzyme produces UV/colour absorption or
fluorescence signal that can be utilised for the sensitive and quantitative detection
of the target cytokine. Several cytokines, including IL-1, IL-5, IL-6, IL-8, IL-33,
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IFN-a, IFN-y, macrophage inflammatory protein 1-beta (MIP-1p and tumour
necrosis factor alpha (TNF-a), have been detected using the ELISA, SI or
ELISpot methods [433-440]. Figure 5.6 represents a schematic for enzyme-linked
immunoassays for capturing and detection of a target protein using the

corresponding antibody [441].
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Figure 5.6: A schematic diagram shows the process of enzyme-linked immunoassay for the
detection of a specific target protein using the corresponding antibodies for capturing and analysis
[441].

Although immunoassays are considered as accurate, sensitive and versatile
methods for the detection of wide varieties of biological compounds, including
cytokines, they require long operational time and multiple manipulations which

limit their application in the real-time assays [442-444].
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5.14.2. Flow cytometric methods for cytokines detection

Flow cytometry is another technique that has been reported for the multiplexing
detection of several cytokines using their corresponding fluorescent-labelled-
antibodies [445]. Today, many Kkits are commercially available for the

multiplexing measurements of cytokines using flow cytometry.

Antibodies, labelled with FTIC or Cy5, have been utilised for capturing of IL-2,
IL-4, IL-5, IFN-y and TNF-a, upon their release from stimulated leukocytes.
Measurements of the fluorescence signal changes, corresponding to the analyte
concentration, were performed using a flow cytometer [446, 447]. Further, ten
different cytokines were estimated after binding to their corresponding
fluorescent-labelled-monoclonal antibodies. In this method, the antibodies were
coupled to the Luminex® microspheres to produce a multiplexing flow cytometric
model for the detection of the target cytokines [448]. Similarly, fifteen cytokines,
released from activated lymphocytes, have been detected by flow cytometry using

their corresponding fluorescent-labelled-antibodies [449].

Despite flow cytometry has been used as accurate and sensitive technique for the
detection of several biomarkers, including cytokines; this technique still has some
limitations for clinical applications. Because flow cytometric measurements
utilise cell suspensions to perform the assay within the suspended cells, therefore,
this technique is not applicable in solid tissues or organs. In addition, the data
resulting from flow cytometric assays is represented as aggregates, corresponding
to the detected species, which is not appropriate to study or monitor individual

cell behaviour. Furthermore, common problems, associated with the flow
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cytometry, are the slow operation and massive data aggregation which require a
skilled person to operate. Also, the flow cytometer is not that cheap to be used in
the clinical/biological laboratories for daily use, especially, in the developing

countries [450, 451].

5.14.3. Biosensors for cytokines detection

Biosensor technology has been reported for the development of several analytical
tools for the detection of cytokines [452, 453]. Electrochemical biosensors have
been developed for the detection of IL-10, IFN-y and TNF-a using gold
electrodes, modified with antibodies to capture the corresponding cytokine. The
resultant changes in the recorded redox signal, occurred upon cytokine binding,

have been used for the detection of the cytokine of interest [454, 455].

Further, the Revzin research group has developed many electrochemical
biosensors for the detection of different cytokines using the corresponding
aptamers as binding ligands. The sensing aptamers were firstly tagged with redox
probes and then immobilised onto the surface of gold microelectrodes to develop
aptasensors for the electrochemical detection of IFN-y, TNF-a and transforming
growth factor-B (TGF- B), released from the stimulated human leukocytes [408,

456-460].

Optical biosensors have been also described for the assay of several cytokines
including IL-1, IL-4, IL-6, IFN-y, TNF-a and vascular endothelial growth factor
(VEGF), using their corresponding antibodies [461, 462]. Fluorescent fibre-optic

biosensors have been reported for the detection of IL-6 and IL-8 using their
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corresponding antibodies for capturing of the corresponding cytokine [463-466].
The platelet derived growth factor (PDGF) was quantified using the selective
fluorophore-labelled aptamer sequence which was immobilised onto a diamond
surface to develop a FRET-based aptasensor for the analysis of PDGF [467].
Further, a FRET-based aptasensor has been reported for the detection of IFN-y,
utilising the aptamer hairpin structure switching as the mechanism for the assay

[468, 469].

In addition, label-free biosensors such as SPR, SERS and quartz crystal
microbalance (acoustic) biosensors have been developed for the detection of
several cytokines [470, 471]. Human IFN-y, IL-6, IL-8, TNF-a and monocyte
chemotactic protein-1 (MCP-1) have been detected after binding to their
corresponding antibodies, immobilised onto a suitable surface. Changes in the
refractive index of the modified surface, occurring after the target binding, were
utilised for the quantitative assay of the corresponding cytokine [472-474].
Commercial Biacore® SPR chips were coated with the antibodies of IL-8 to
develop a SPR biosensor capable of detecting pM concentrations of IL-8 in the
human saliva [475]. Similarly, the secreted IL-6 from human fibroblasts has been
detected after binding to the specific antibody [476]. In addition, SPR aptasensors
have been developed for the detection of IFN-y with a limit of detection (LOD)
down to 33 pM [477]. Acoustic (mechanical) biosensors have been developed for
the detection of human IFN-B and IFN-y using antibodies or aptamer sequences
for their recognition. The changes in the frequency of the biosensors surfaces

were recorded to detect both cytokines [478, 479].

182



Chapter Five

5.14.4. Nanosensors for cytokines detection

Electrochemical nanosensors, fabricated from electroconductive nanoparticles,
modified with the corresponding antibodies, have been reported for the detection
of IL-6 and IL-8 [480-482]. Moreover, carbon nanotubes were coated with gold
nanoparticles and attached to the antibodies of IL-6 to develop an electrochemical
probe for the detection of this cytokine [483]. Furthermore, electrochemical
aptasensors have been developed for the detection of IFN-y using the selective
DNA aptamer as ligands while graphene beads or gold microelectrode were

utilised as surfaces for aptamer immobilisation and signal flow [484].

In addition, fluorescent nanosensors have been reported for the detection of I1L-6
using f-SNPs as a surface for the assay [485, 486]. Similarly, a FRET-based
nanosensor has been reported for the detection of PDGF using QD-labelled DNA
aptamer. This QD-labelled-aptamer was hybridised with a complementary DNA
segment that bears BHQ molecule to develop a FRET-based assay of PDGF at a

concentration down to 0.4 nM [487].

The utilisation of the unique plasmonic properties of gold nanoparticles has
contributed in the development of several LSPR and SERS-based nanosensors for
the detection of IL-1B, IL-2 and TNF-a after binding to their corresponding

antibodies [105, 488-490].

Furthermore, mechanical nanosensors have been utilised for the quantification of

IFN-y using the corresponding antibodies [491].
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5.1.4.5. Other methods for cytokines detection
In addition to all the aforementioned methods, classical HPLC technique has been
reported for the assay of IFN-a using the monoclonal antibodies for separation

and identification [492].

While there are many methods that have been established for the detection of
cytokines, there is still a shortage in understanding the full functions, mechanism
and performance of cytokines. These because of that many of the current methods
for the detection of cytokines are expensive, require long time to perform the
assay and utilise sophisticated and expensive instrumentation. Additionally,
application of such methods for the real-time measurements is not appropriate
[438, 448, 478]. Due to the vital roles that cytokines play in our life; the
development of any analytical method for the detection of such biomarkers will
contribute greatly in understanding the full roles and functions of cytokines. This
could enhance our life quality, help in prophylaxis and treatment of different

diseases.
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5.2. AIm

The main aim of Chapter 5 is to use the optimised SNPs that have been described
in Chapter 2 and Chapter 4, to develop two types of aptamer-based fluorescent
nanosensors for the quantitative assays of a DNA hybridisation process and IFN-
Y, as a model cytokine. In this study, an aptamer sequence that has been
previously reported for the detection of IFN-y is used as a ligand [408, 457, 460,
468, 469].

The first aim of this chapter is to develop a FRET-based nanosensor for the
detection of a DNA hybridisation process and IFN-y. The nanosensor can be
fabricated through the immobilisation of TAMRA-labelled aptamer onto the
surface of p-SNPs while the FRET process could be achieved after hybridisation
of this TAMRA-labelled aptamer with a partial complementary DNA segment,
attached to BHQ2. The proposed fluorescence changes upon hybridisation of this
sensing system with a complementary DNA sequence or IFN-y binding are
investigated and utilised for the assay.

The second aim of this chapter is to use Model 1, described in Chapter 4, to
develop an extended-distance quenching nanosensor for the detection of DNA and
IFN-y, using the same aptamer that has utilised to in the first aim.

To achieve this goal, many factors that influence the performance and response of
the proposed nanosensors are studied and optimised to develop optimum
nanosensors that are capable of detecting the DNA hybridisation and IFN-y. The
success of this study could provide sensing platforms that can be applied for the
real-time assay of IFN-y and contribute towards the development of multiplexing

model for the assay of cytokines using SNPs as a surface for the assay.
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5.3. Experimental

5.3.1. Materials and chemicals

The EDC/NHS activated p-SNPs, with the size of ~85 nm and EDC/NHS
activated TAMRA-SNPs with the size of ~75 nm were synthesised and
characterised as described in Chapter 2 and Chapter 4. EDC, NHS, PBS (pH 7.4),
MES buffer (50 mM, pH 6.0) and Tris-HCI (200 mM, pH 8.6) were prepared in
nuclease-free DI water and used throughout this study. Recombinant human IFN-
vy (carrier free) was purchased from R&D systems, UK and resuspended in PBS.
Human TNF-o, insulin and ATP were obtained from Sigma-Aldrich, UK. The
aptamers and DNA sequences were purchased from Biosearch Technologies,
USA with the sequences that are shown in Table 5.1 and were prepared as
recommended by the manufacturer. Stock solutions (100 uM) of these aptamers

were prepared and further dilutions were performed by serial dilution.

Table 5.1: A Summary for the aptamers sequences that were used in this study

Aptamer Sequence
Sensing DNA aptamer 5 GGGGTTGGTTGTGTTGGGTGTTGTGT 3’ (C6-NH,)
sequence (APT-1)
Sensing DNA aptamer, 5" TAMRA-GGGGTTGGTTGTGTTGGGTGTTGTGT 3’ (C6
labelled with TAMRA (APT- | NH,)
1-TAM)
Sensing hairpin DNA 5’ BHQ2
aptamer (APT-2) GGGGTTGGTTGTGTTGGGTGTTGTGTACAACCAACCCC
3’ (C6-NHy)
BHQ2-3’DNA segment 5> ACAACCAACCCC BHQ2 3’
(DNA-3°Q)
BHQ2-5’"DNA segment 5’ BHQ2 ACAACCAACCCC 3°
(DNA-5’Q)
Complementary DNA strand | 5> ACACAACACCCAACACAACCAACCCC 3’
(C-DNA)
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5.3.2. Production of the nanosensors

5.3.2.1. Immobilisation of the sensing aptamers onto SNPs

The EDC/NHS activated p-SNPs or TAMRA-SNPs (Model 1), prepared as
described in Chapter 4, were utilised to immobilise the corresponding aptamer
sequence onto their surfaces.

To develop the FRET-based nanosensor: the EDC/NHS activated p-SNPs (10

mQ), suspended in 1 mL of MES buffer (pH 6.0) were immediately incubated with
1 uM of APT-1-TAM for 4 hours at room temperature, without performing the
washing step after the EDC/NHS activation process that was detailed in Chapter
4. After the incubation with APT-1-TAM, the nanoparticle suspensions were
centrifuged and washed, at least three times, using Tris-HCI or PBS for the
detection of C-DNA or IFN-y, respectively. The p-SNPs, attached to APT-1-

TAM, were stored at 4 °C until further use.

To develop the extended-distance guenching nanosensor: 1 uM of APT-1 was
incubated with the EDC/NHS activated TAMRA-SNPs and the same procedure
that was described above for the FRET-based nanosensor was followed for the

immobilisation process.

5.3.2.2. Hybridisation of aptamer-SNPs with the quenching segment

Production of the FRET-based nanosensor: APT-1-TAM, immobilised onto the

surface of p-SNPs as described above, was hybridised with 10 puM of DNA-3’Q in
Tris-HCI, pH 8.6. The hybridisation was performed at 37 °C for 2 hours, with
gentle shaking, followed by centrifugation and washing. The nanosensor was

stored at 4 °C until further use.
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Production of the extended-distance quenching nanosensor: the immobilised

APT-1 on TAMRA-SNPs surface was hybridised with 10 uM of DNA-5’Q using
the same procedure that was described for the production of the FRET-based

nanosensor.

5.3.3. Detection of DNA hybridisation

Different concentrations of C-DNA, ranging from 0.1 nM to 100 nM, were
incubated separately with 50 uL of the FRET-based nanosensor or the extended-
distance quenching nanosensor in 96-Costar® well plates. The volume in each
well was made to 150 pL with Tris-HCI and the hybridisation process was
performed at 37 °C for 2 hours followed by measurements of the RFUs of
TAMRA (emission =580 nm and excitation =545 nm), using a plate reader. The
resultant RFUs corresponding to each C-DNA concentration (five determinations)
were measured using the corresponding nanosensor, against blank nanosensor
samples where no C-DNA was incubated. Excel Microsoft® software was used for

the construction of the calibration curves and data analysis.

5.3.4. Incubation time for IFN-y

The FRET-based nanosensor (50 pL) was incubated with IFN-y (50 nM, 100 nM
and 500 nM) while the total volumes were made to 150 pL, in each well, using
PBS buffer. The incubation was performed at 37 °C for different periods ranging
from 10 minutes and up to 6 hours followed by measurements of the RFUs of

TAMRA, corresponding for each time period using a plate reader.
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5.3.5. Detection of IFN-y

Concentrations of IFN-y which ranged from 3.75 nM to 1000 nM were incubated
separately with 50 pL of the FRET-based nanosensor or the extended-distance
guenching nanosensor, in the 96-well plates for 2 hours at 37 °C. The total volume
in each well was made to 150 pL using PBS buffer. Measurements of the RFUs of
TAMRA were recorded using the corresponding nanosensor against blank
samples, treated similarly. The mean of the resultant RFUs, corresponding to each

IFN-y concentration, was used to construct the calibration curve.

5.3.6. Selectivity studies

50 pL of the FRET-based nanosensor was incubated separately with the same
concentration of IFN-y, TNF-a, insulin or ATP (100 nM) for 2 hours at 37 °C.
The volumes were made to 150 pL using PBS buffer followed by measurements

of the RFUs of TAMRA, against blank nanosensor samples treated similarly.
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5.4. Results and discussion

5.4.1. Selection of the sensing aptamer sequence

In this study, the selection of an aptamer sequence which is capable of binding to
IFN-y and also the best position for immobilisation of this aptamer (3’ end or 5’
end) onto the surface of SNPs were based on previous studies [408, 457, 460, 468,
469]. These studies have shown that the 26-mer DNA aptamer, with the sequence
of 5°GGG GTT GGT TGT GTT GGG TGT TGT GT3’, has been successfully
utilised to bind IFN-y with high affinity and selectivity. The location of the
nucleotides that are responsible for IFN-y recognition is not entirely clear,
however, better binding affinity to IFN-y has been reported when the 3 end of
this DNA sequence was used to immobilise this aptamer onto the surface of
analysis, e.g. glass or gold electrode, rather than using the 5° end. The aptamer
affinity was assessed by the measurement of the K4 of the aptamer binding which
was ~3.4 nM or 28.1 nM when the 3’ end or the 5° end were used for aptamer
immobilisation, respectively, as reported [408, 469]. In the present work, based on
such previous studies, the aforementioned DNA aptamer sequence was used as the
selective sensing aptamer sequence for the detection of a DNA hybridisation and
IFN-y. In addition, the 3’ end of this aptamer sequence was used for the
immobilisation of this aptamer onto the surface of SNPs to develop the

corresponding nanosensor.
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Initial experiments were performed using p-SNPs to develop the FRET-based
nanosensor. However p-SNPs did not contribute in the assay signal, they were
used to provide a surface of analysis and to optimise factors that may influence
the performance of the assay using the second nanosensor type, in which
TAMRA-SNPs were used instead of p-SNPs, to provide fluorescence signals that
were used for the quantification. Additionally, these nanosensors were fabricated
to provide diagnostic tools that could be used for the intracellular detection of

INF-y.

5.4.2. The FRET-based nanosensor

54.2.1. Sensing strategy

Development of the FRET-based nanosensor was based on using the optimised p-
SNPs, with the size of ~85 nm, prepared as described in Chapter 2, as a surface
for the immobilisation of APT-1-TAM. The surface of nanoparticles was
modified with a carboxylic acid moiety and activated using the EDC/NHS process
as detailed in Chapter 4. APT-1-TAM was purchased with a chemical
modification at the 3’ end with a primary amine group to bind this amino moiety
to the EDC/NHS activated p-SNPs. Additionally, the 5’ end of this DNA
sequence was labelled with TAMRA to produce fluorescence signal that can be
utilised for the measurement. Figure 5.7 is a schematic shows the proposed

FRET-based nanosensor.
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Figure 5.7: A schematic diagram illustrates the proposed strategy for the development of FRET -
based nanosensor for the detection of a complementary DNA sequence.

As in Figure 5.7, the proposed sensing strategy is based on development of a
FRET process between the TAMRA molecules and BHQ2 molecules; the
selective quencher for TAMRA. This could be achieved through hybridisation of
APT-1-TAM, attached to p-SNPs, with a partial complementary DNA segment
that carries BHQ2 at 3’ end (DNA-3°Q). This 12-mer quenching DNA segment
with the sequence of 5>’ACAACCAACCCC-BHQ2 3’ was selected to initiate a
partial hybridisation with the corresponding complementary 12 base-pairs of

APT-1-TAM, located close to the 5’ end that labelled with TAMRA.

In the absence of the target analyte (either C-DNA or IFN-y), the fluorescence of
TAMRA is reduced due to the proposed FRET from the TAMRA molecules (at 5°
of APT-1-TAM) to BHQ?2, attached to the 3’ end of DNA-3’Q. After incubation
of the target analyte with this sensing system, the quenching DNA segment
(DNA3’Q) may be displaced and pushed away from the system, increasing the

distance TAMRA and BHQ2. The process can be monitored by measurement of
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the restoration in the fluorescence signal of TAMRA, which in turn, can be used
for the quantitative determination of the bound target, either C-DNA or IFN-y. In
the present work, before performing the assay, many factors were studied and

optimised as discussed in the following text.

5.4.2.2. Immobilisation of the aptamer onto nanoparticle surface

As previously mentioned, the 3 end of APT-1-TAM was modified with an amine
group to attach this aptamer end to the surface of the EDC/NHS activated p-SNPs.
In this reaction, APT-1-TAM was incubated immediately with the nanoparticles,
suspended in MES buffer, pH 6.0 after the EDC/NHS activation process, without
the separation or washing of the activated nanoparticles. The fluorescence of
TAMRA was detected to indicate the success of aptamer conjugation. The results
showed that a successful conjugation was achieved when APT-1-TAM was
directly reacted with the EDC/NHS activated p-SNPs (suspended in MES buffer,
pH 6.0), without performing the centrifugation and the washing steps of
nanoparticles, prior to the reaction with APT-1-TAM. This was monitored by
measurement of the fluorescence of TAMRA in the nanoparticle suspension after
conjugation to APT-1-TAM. Moreover, aptamer conjugation could be noticed by
the pink colour of TAMRA as shown in Figure 5.8. This pink colour could not be
observed when APT-1-TAM was conjugated to the EDC/NHS activated p-SNPs
that had been washed after the EDC/NHS activation and prior to aptamer

conjugation.
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Figure 5.8: A picture shows p-SNPs before (white) and after (pink) the conjugation of APT-1-
TAM.

This protocol for aptamer conjugation was similar to that reported for the
conjugation of amino-aptamers to the surface of SNPs using EDC/NHS where the
aptamer conjugation was achieved without washing or separation of the
EDC/NHS activated nanoparticles [180, 351, 493, 494]. However some general
protocols for the EDC/NHS activation recommend elimination of the excess EDC
and NHS from the medium before performing the conjugation to amino-
containing molecules. This step is mandatory when the coupled molecules have
both amine and carboxylic acid moieties within the same molecule, such as
proteins. Otherwise, protein polymerisation will occur, resulting in a low
efficiency binding. Additionally, the washing step is performed to change the
buffer type and the pH value of the medium to select the optimum pH for protein
coupling, which should be slightly alkaline (pH 7.4) to prevent protonation of the
amino groups of protein [363, 374]. Herein the situation is different where the
oligonucleotides do not polymerise together, permitting the immobilisation
reaction to be performed in a single step. Furthermore, it is favoured for the
aptamers to find the activated carboxylic acid group quickly, especially, when the

concentration of amino-oligonucleotides is low [363, 495]. According to the
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previous reports and the obtained results, APT-1-TAM were reacted with the
nanoparticles immediately after the EDC/NHS activation process without
performing the washing or separation of the activated SNPs. This conjugation
protocol was established to achieve sufficient aptamer binding and was utilised

for all further experiments for aptamer immobilisation.

5.4.2.3. Optimisation of the sensing aptamer concentration

To obtain the maximum response of the FRET-based nanosensor, the optimum
concentration of APT-1-TAM was investigated. This was achieved by using
different concentrations of APT-1-TAM from 0.02 uM to 2 uM. After aptamer
conjugation, the resultant fluorescence signal of TAMRA molecules, attached to
the 5° end of the aptamer, was recorded as an indicator for the assembled aptamer
molecules onto the nanoparticle surface. As could be seen from Figure 5.9, the
RFUs of TAMRA gradually increased as the concentration of APT-1-TAM was
increased from 0.02 uM up to 0.5 pM and then remained without significant

changes when APT-1-TAM concentration elevated above 0.5 pM.
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Figure 5.9: The effect of the aptamer concentration (APT-1-TAM) on the efficiency of the
immobilisation reaction of this aptamer onto the surface of p-SNPs.

These results indicate that APT-1-TAM with a concentration >0.5 uM may be
enough to saturate all the carboxylic acid groups on the nanoparticle surface, or
may suggest that potential steric hindrance or electrostatic repulsion between the
negatively-charged DNA molecules which could prevent more aptamers to be
assembled onto the nanoparticle surface [408]. This probably explains why the
increase in APT-1-TAM concentrations above 0.5 pM did not significantly
increase the number of the immobilised aptamers as the RFUs of TAMRA
remained without significant changes. As a result, to ensure maximum aptamer
immobilisation and optimum nanosensor sensitivity, 1 uM of the sensing aptamer

was selected as the optimum aptamer concentration.
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5.4.2.4. Optimisation of the quenching segment concentration (DNA3’Q)

Once the concentration of APT-1-TAM, conjugated to the surface of p-SNPs, was
optimised, the best concentration of the quenching DNA segment (DNA3’Q),
required o achieve maximum fluorescence quenching, was investigated. To study
this, concentrations of DNA3’Q, ranging from 1 uM to 15 uM, were hybridised
separately with APT-1-TAM (1 uM), attached to p-SNPs. As shown in Figure
5.10, the percentage of fluorescence quenching of TAMRA gradually increased
upon increasing the concentration of DNA-3°Q. Above 7.5 uM of DNA3’Q, the
percentage of fluorescence quenching of TAMRA did not markedly change and
reached the maximum level of quenching at about 90% of the original
fluorescence of TAMRA, measured for blank sample. This high percentage of
fluorescence quenching indicates that a FRET process between TAMRA and
BHQ2 was successfully achieved after the hybridisation of DNA3’Q with the

immobilised APT-1-TAM.
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Figure 5.10: The effect of the quenching DNA segment concentrations (DNA3°Q) on the
fluorescence signals of TAMRA, attached to the 5 end of APT-1-TAM, after the hybridisation
with DNA3’Q.

197



Chapter Five

However, the DNA3’Q concentration required to achieve the maximum
fluorescence quenching was higher than that used for APT-1-TAM
immobilisation; not an equimolar concentration. This may be attributed to the fact
that the quenching DNA sequence is a partial complementary to APT-1-TAM and
thus, the hybridisation process and FRET could be only achieved using high
concentrations of this partial complementary strand (DNA3’Q). Overall, to obtain
maximum fluorescence quenching, 10 uM of DNA3’Q was selected as the
optimum concentration of the quenching DNA segment. Additionally, the molar
ratio of the aptamer: quenching segment was kept at 1:10 uM throughout this

study.
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5.4.2.5. Quantitative detection of DNA hybridisation using the FRET-based

nanosensor

The capability of the developed FRET-based nanosensor to quantitatively detect a
DNA hybridisation was investigated using sSDNA (C-DNA) with the sequence of
5’ACA CAA CAC CCA ACA CAA CCA ACC CC3’. This DNA sequence was
used as a target DNA which is a completely complementary oligonucleotide
sequence for the corresponding 26-mer of the aptamer sequence (5°GGG GTT
GGT TGT GTT GGG TGT TGT GT3’). This complete complementary DNA
could displace the partial complementary quenching segment (DNA3’Q) from this
sensing system, leading to restoration in the fluorescence of TAMRA, which can

be used for the quantitative assay of C-DNA.

To establish the assay, different concentrations of C-DNA which ranged from 0.1
nM to 100 nM were hybridised with the complementary oligonucleotide sequence
(APT-1-TAM) using the FRET-based nanosensor, at 37 °C for 2 hours. A similar
protocol to that reported for a DNA hybridisation was followed [288, 324, 358,
496, 497]. After the hybridisation, the RFUs of TAMRA were recorded for each
C-DNA concentration, against blank nanosensor samples, to construct the
calibration curve. As shown in Figure 5.11, the results revealed that C-DNA was
able to displace DNA3’Q from the sensing system as the fluorescence of TAMRA
was successfully restored after C-DNA hybridisation. In addition, a linear
relationship between the restored fluorescence of TAMRA and C-DNA
concentrations was obtained within the range from 3.75 nM to 50 nM of C-DNA
as represents in Figure 5.11. Furthermore, ~80% of the original fluorescence

signal of TAMRA was restored after the hybridisation.
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Figure 5.11: (A) The response of the FRET-based nanosensor after hybridisation with C-DNA
with concentrations from 0.1 nM to 100 nM and (B) is the linear part of the calibration curve for
the detection of C-DNA within concretions from 3.75 nM to 50 nM.

In addition, the sensitivity of the developed FRET-based nanosensor for the
quantitative detection of DNA hybridisation was detected by calculating the LOD

value using the Equation 5.1 [498, 499].

3.35D .
LOD = Ta Equation 5.1

Where SDa is the standard deviation of the intercept and b is the slope [498, 499].
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Generally, the value of LOD is used to determine the sensitivity of the analytical
method to detect the lowest analyte concentration with high reliability (95%
confidence limit) [498-500]. Using the developed FRET-based nanosensor for the
detection of C-DNA, the calculated LOD value was ~4 nM. Compared to
previously reported methods for the detection of DNA hybridisation, summarised
in Table 5.2, the developed FRET-based nanosensor has a comparable sensitivity

to most of these methods [288, 358].

Table 5.2: A summary for the limit of detection (LOD) of previously reported methods for the
detection of DNA hybridisation, compared with the LOD of the developed FRET-based
nanosensor for the detection of C-DNA.

Method reported by: LOD Ref
Peng et. al. 6.7 nM [501]
Rao, et. al. 1.2 nM [358]
Liu, et. al. 67 fM [502]
Cai, et. al. 0.1nM [503]
Wang, et. al. 4 nM [504]
Wy, et. al. 2nM [505]
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5.4.2.6. The use of the FRET-based nanosensor for IFN-y detection

The aptamer sequence, utilised in this study, was selected to bind IFN-y and to
develop nanosensors that can be used for the analysis of this cytokine as a model.
Firstly, to investigate the response of the FRET-based nanosensor for the
detection of IFN-y, different concentrations of IFN-y (50 nM, 100 nM and 500
nM) were incubated with the nanosensor for different time intervals ranging from
10 minutes to 6 hours at 37 °C, followed by measurements of the RFUs of
TAMRA after each time interval. As shown in Figure 5.12 the developed FRET-
based nanosensor was able to bind IFN-y which displaced DNA3’Q from the
system as the florescence signals of TAMRA was successfully restored after
challenging with IFN-y. The maximum nanosensor response was achieved after
about 1 hour of incubation while the fluorescence of TAMRA remained stable for
additional 4 hours followed by a slight decline in the RFUs of TAMRA. This
observed decline in TAMRA fluorescence may be attributed to dissociation of
IFN-y-aptamer complex. Therefore, to obtain the maximum response of this
nanosensor with a stable fluorescence signal, 2 hours was selected as the optimum
incubation time for the assay of IFN-y at 37 °C. Figure 5.12 illustrates the
incubation time study for the assay of IFN-y (100 nM) using the FRET-based

nanosensor, at 37 °C.
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Figure 5.12: The effect of incubation time on the response of the FRET-based nanosensor for the
detection of IFN-y (100 nM).

The calibration curve for the detection of IFN-y was established using the
developed FRET-based nanosensor. Different concentrations of IFN-y which
ranged from 3.75 nM to 1000 nM were incubated separately with constant
concentrations of the nanosensor, for 2 hours at 37°C, followed by measurement
of the RFUs of TAMRA.. The mean of the resultant RFUs was calculated for each
corresponding IFN-y concentration and was utilised to construct the calibration
curve. As represented in Figure 5.13, the developed FRET-based nanosensor was
able to detect IFN-y within a linear range from 15 nM to 250 nM. Furthermore,

~60% of TAMRA signals were restored after IFN-y binding to the nanosensor.
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Figure 5.13: (A) The response of the FRET-based nanosensor after incubation with different
concentrations of IFN-y (3.75 nM to 1000 nM) and (B) is the linear calibration curve of the
nanosensor after incubation with IFN-y, with concentrations from 15 nM to 250 nM.
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It was noticed that when the concentration of IFN-y increased above 500 nM, a
slight decrease in the RFUs of TAMRA was observed. This may be due to the size
of IFN-y which could be sufficient to hinder the escape of the quenching DNA
segment from the nanosensor surface to the surrounding medium and hence, this
quenching segment is trapped within the system and the quenching effect still

predominant.

In addition, the calculated LOD of the nanosensor to detect INF-y was 24 nM
which indicates that the developed aptasensor have considerable binding affinity
to IFN-y and could be used for the detection of this cytokines within the linear
concentration that was shown in Figure 5.13. However, the developed FRET-
based nanosensor is more sensitive for the detection of DNA hybridisation than
IFN-y detection. This is expected as the sensing aptamer that was utilised to
develop the nanosensor is a DNA in nature and hence, it can bind (hybridised)

simultaneously with the complementary DNA with high sensitivity.

54.2.17. Selectivity of the nanosensor

Despite the sensing aptamer utilised in this study has been reported for the
detection of IFN-y with sufficient affinity and sensitivity, studies were performed
to identify the nanosensor selectivity [408, 457, 458, 460, 468, 469]. This was
performed to evaluate the application of the developed nanosensor to detect IFN-y
in different environments where other proteins may interfere. The nanosensor was
incubated separately, for 2 hours at 37 °C, with 100 nM of IFN-y, insulin, TNF-a
and ATP. After the incubation, the RFUs of TAMRA were detected for each

protein and compared to blank nanosensor samples. The results showed that, the
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response of the nanosensor to detect IFN-y was the highest amongst all the other
incubated proteins which indicates the significant selectivity of the developed

nanosensors for the detection of INF-vy, as shown in Figure 5.14.
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Figure 5.14: The selectivity study of the FRET-based nanosensor for the detection of IFN-y.
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5.4.3. The extended-distance quenching nanosensor

The second nanosensor that was developed in this study for the detection of the
DNA hybridisation and IFN-y was based on using Model 1 (TAMRA-SNPs) that
was described previously in Chapter 4. The nanosensor was developed by
attachment of the sensing aptamer (APT-1) to the surface of Model 1. APT-1 was
then hybridised with a quenching DNA segment that carrying BHQ2 which could
reduce the fluorescence of TAMRA molecules, encapsulated inside the silica
matrix. As shown in Figure 5.15, the proposed sensing mechanism is based on
utilising the process of fluorescence quenching; that was observed using Model 1
and discussed in Chapter 4, as the principle of the assay process. Upon the analyte
binding, the quenching segment may be displaced, leading to the restoration of

TAMRA fluorescence which can be used for quantification.

Figure 5.15: The proposed analytical design for the extended-distance quenching nanosensor.

Despite the proposed mechanism of fluorescence quenching of this nanosensor
type is not yet clear as detailed earlier in Chapter 4, the term extended-distance
guenching nanosensor was used in this study to distinguish this nanosensor,
developed using Model 1, from the FRET-based nanosensor, produced using p-

SNPs.
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Taking into consideration the factors that were discussed under the FRET-based
nanosensor; APT-1 was conjugated from the 3’ end to the surface of the
EDC/NHS activated TAMRA-SNPs, using a similar protocol to that described
earlier for the aptamer conjugation in the FRET-based nanosensor. In addition, the

molar ratio of APT-1: quenching segment was kept at 1: 10 uM.

To initiate the fluorescence quenching of TAMRA, APT-1 (1 puM) was
conjugated to the EDC/NHS activated TAMRA-SNPs and then hybridised with
the quenching DNA segment (DNA-5’Q, 10 uM), labelled with BHQ2.
Additionally, the incubation time of the nanosensor with C-DNA or IFN-y was 2
hours at 37 °C. In this study, many factors were studied and optimised before

performing the assay as discussed in the following sections.

54.3.1. Optimisation of the initial concentration of TAMRA

While the concentrations of the aptamer and quenching segment were kept at 1
umol and 10 pM respectively, the fluorescence signal of the proposed nanosensor
could be controlled via optimising the initial concentration of TAMRA, used

during the initial nanoparticle synthesis.

Different volumes, ranged from 10 pL to 100 pL, of TAMRA-APTES conjugate
were added to the reaction mixture during the initial synthesis of TAMRA-SNPs
to produce different batches of TAMRA-SNPs, incorporating different amounts of
TAMRA. TAMRA-APTES conjugate was prepared using 0.5 mg/mL of TAMRA
and conjugated to APTES under the determined conditions for the nanoparticle

synthesis, detailed in Chapter 2. The produced TAMRA-SNPs batches were then
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used to investigate the fluorescence signal and optimise the fluorescence
quenching of the sensing system after hybridisation of APT-1 (1uM) with the

quenching DNA segment (10 uM), linked to BHQ?2.

The results revealed that the fluorescence signal of TAMRA, resulting from each
TAMRA-SNPs batch, was reduced after hybridisation of APT-1, immobilised
onto the nanoparticle surface, with DNA5’Q due to the effect of BHQ2.
Maximum fluorescence quenching (~55%) was obtained when the volume
TAMRA-APTES, utilised for the nanoparticle synthesis, was below 30 pL. This
maximum percentage of fluorescence quenching did not significantly change as
the volume of TAMRA-APTES was maintained below 30 pL as illustrated in

Figure 5.16.
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Figure 5.16: The effect of different volumes of TAMRA-APTES on the percentage of
fluorescence quenching after hybridisation of TAMRA-SNPs-APT-1 system to DNA5’Q.
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As a result, to achieve the maximum fluorescence quenching (55%) of this
nanosensor, 20 pL of TAMRA-APTES; prepared using 0.5 mg/mL of TAMRA,
was utilised for the synthesis of TAMRA-SNPs which were then used to fabricate
the extended-distance quenching nanosensor. In addition, the concentration of
APT-1 was 1 uM and the concentration of the quenching DNA segment was 10

KM to achieve maximum fluorescence reduction.

5.4.3.2. Selection of the quencher position

Whilst the proposed mechanism for the fluorescence reduction of the extended-
distance quenching nanosensor could be influenced by the separation distance
between the fluorophore and quencher, therefore, the effect of the quencher
position on the resultant quenching was investigated. DNA3’Q and DNAS5’Q,
with BHQ2 molecule located on either the 3’ end or 5’ end, were hybridised
separately with APT-1, attached to TAMRA-SNPs. As illustrated in Figure 5.17,
there was no marked difference in the percentage of fluorescence quenching when
either DNA3’Q or DNAS5’Q hybridised with APT-1. The maximum percentages
of TAMRA quenching were about 50-60% for both systems. However, DNA5’Q
showed slightly higher quenching which may be due to the more proximity of

BHQ?2 of this DNA sequence to the nanoparticle surface.

In addition, APT-2 was used to study the process of fluorescence quenching after
conjugation of this DNA sequence to the TAMRA-SNPs surface. This aptamer
was purchased with the sequence of 5’BHQ2 GGG GTT GGT TGT GTT GGG
TGT TGT GTA CAA CCA ACC CC 3’NH,. Both ends of APT-2 are

complementary to each other and can be hybridised together to form the hairpin
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structure. The attached BHQ2 molecules to the 5’ end of this aptamer may reduce
the fluorescence of TAMRA, encapsulated inside the nanoparticle matrix. Prior to
the aptamer conjugation, APT-2 was heated at 95°C for 5 minutes and then cooled
to room temperature to form the hairpin structure, as reported [458, 469, 506]. As
shown in Figure 5.17, nearly 40% of the original fluorescence of TAMRA-SNPs

was quenched after conjugation of the EDC/NHS nanoparticles to APT-2.
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Figure 5.17: The percentage of the resultant fluorescence quenching of TAMRA-SNPs after
hybridisation/conjugation to different quenching DNA segments, carrying BHQ2 at different
positions.

However all of these systems showed considerable reduction in the fluorescence
of TAMRA-SNPs, their response after incubation with C-DNA (100 nM) or IFN-
v (250 nM) was different. The responses of such sensing systems were recorded as
the restoration in the fluorescence signal of TAMRA. The fluorescence of
TAMRA in the first two systems that were based on displacement of the
quenching segments (DNA3’Q or DNAS5’Q) was successfully restored after

hybridisation with C-DNA or incubation with IFN-y, as shown in the calibration
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curve. In contrast, the sensing system that based on using the hairpin structural
switching of APT-2 did not respond at all as the recorded fluorescence signal of
TAMRA did not significantly change before or after C-DNA hybridisation or

INF-y incubation.

It has been reported that, the approximate length of each individual base-pair of
the DNA molecule is approximately 0.34 nm (3.4 A) [507]. Therefore, the total
length of APT-2, composed of 38 base-pairs, is approximately 13 nm. This means
that upon biding of APT-2 system to the target species, the quencher molecule
may be located within a maximum distance of ~13 nm far from the nanoparticle
surface. Taking into account that the DNA molecules are not present as linear
structures around the nanoparticle surface, so, this distance may not be enough to
eliminate the quenching effect of BHQ?2 as it is still predominant. This hypothesis
may explain why the fluorescence signal of TAMRA-SNPs, attached to APT-2,
did not markedly change after incubating the nanosensor with C-DNA or IFN-y.
Furthermore, C-DNA is not a complete complementary sequence to APT-2 and
the full hybridisation could be only achieved using high concentrations of C-
DNA. In comparison, using the first two systems that were developed using APT-
1, the quenching segment is completely displaced after analyte binding which
makes this quenching segment to move free from the nanoparticle surface to the

surrounding medium, leading to restoration in TAMRA fluorescence.
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5.4.3.3. Quantitative detection of C-DNA hybridisation and IFN-y using
the extended-distance quenching nanosensor
In order to validate the extended-distance quenching nanosensor for the biological
application, the optimised nanosensor was used for the detection of C-DNA and
IFN-y. Similar to the FRET-based nanosensor, the calibration curves were
constructed using different concentrations of C-DNA from 0.1 nM to 100 nM
while the concentrations of IFN-y were ranged from 3.75 nM to 1000 nM. After
the incubation of this nanosensor with C-DNA or IFN-y for 2 hours at 37 °C, the
restored RFUs of TAMRA was recorded for each concentration of the
corresponding analyte against blank. The recorded RFUs were used to indicate the
capability of the nanosensor to detect DNA hybridisation or IFN-y and to establish

the calibration curve for the corresponding analyte.

The results revealed that the optimised extended-distance quenching nanosensor
was able to detect C-DNA within the linear range from 12.25 nM to 75 nM. In
addition, the linear range of the nanosensor to detect IFN-y was observed over

concentrations from 62.5 nM to 300 nM, as shown in Figure 5.18.
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Figure 5.18: (A) and (B) The linear calibration curves for the detection of C-DNA hybridisation
and IFN-y, respectively, using the developed extended-distance quenching nanosensor.

The LOD values of this nanosensor for the detection of C-DNA and IFN-y were

~12 nM and 40 nM, respectively, which indicate the ability of the optimised

extended-distance quenching nanosensor to detect C-DNA hybridisation and IFN-

vy with sufficient sensitivity within the indicated linear ranges. However, the

sensitivity of the extended-distance quenching nanosensor was lower than that

obtained using the FRET-based nanosensor. This may be due to the difference in

the percentage of the fluorescence quenching in both nanosensors (FRET and

extended-distance quenching) which influences the nanosensor response. The
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maximum quenching percentage of the FRET-based nanosensor was ~95% whilst
the maximum quenching of the extended-distance quenching nanosensor was
~55%. Therefore, this difference in the fluorescence reduction makes the
extended-distance quenching nanosensor less sensitive to detect C-DNA and IFN-

v than using the FRER-based nanosensor.
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5.5. Conclusion

Aptamer-based fluorescent nanosensors for the detection of DNA hybridisation
and IFN-y as a model cytokine have been successfully developed. The
nanosensors were based on utilising the surface of SNPs to immobilise a sensing
aptamer sequence that has the capability to bind IFN-y. The conjugation process
was based on using the EDC/NHS protocol that was detailed in Chapter 4. In
addition, the selection of aptamer sequence and the position of the selected
aptamer (3’ end) for conjugation to the nanoparticle surface were based on

previously reported studies [408, 457, 460, 468, 469].

In this study, two different sensing strategies have been utilised to develop the
nanosensors. The first nanosensor was developed using the typical FRET process
as the principle for the assay while the second nanosensor was based on using the
extended-distance quenching that previously shown in Chapter 4. Many factors,
including the optimal aptamer concentration, optimum fluorescence quenching
and the selection of the optimum quencher position, have been investigated and

optimised.

The FRET-based nanosensor was successfully able to detect DNA hybridisation
and IFN-y within the linear ranges from 3.75 nM to 50 nM for DNA and from 15
nM to 250 nM for IFN-y. In comparison, the extended-distance quenching
nanosensor detected the DNA hybridisation and IFN-y over the linear ranges from
12 nM to 75 nM and from 62.5 nM to 350 nM for C-DNA and IFN-y,

respectively.
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While traditional or commercially-available methods for the detection of IFN-y;
such as ELISA or flow cytometry, have shown improved sensitivity than that
obtained using the developed nanosensors [508-510]. The developed nanosensors
offer many advantages over these methods. The main advantage of the developed
nanosensors is that using the aptamers for the nanosensor fabrication eliminates
the need of several labelling and washing steps and also improves nanosensors
stability. This makes the developed nanosensors suitable tools to detect IFN-y in
different environments where traditional antibody-based immunoassays cannot be
used. In addition, due to the biocompatibility and small size of SNPs, the
presented nanosensors can be used for the non-invasive incorporation into cellular
systems to detect IFN-y release from live cells in real-time without the need to

homogenise the cells.

Despite the sensitivity of the developed nanosensors to detect IFN-y was less than
that previously reported using other aptasesnors [408, 468], the use of the
developed nanosensors is still promising due to the aforementioned advantages.
Additionally, the surface of SNPs was used for the first time to develop
fluorescent nanosensors for the detection of IFN-y using the corresponding
aptamer. This could contribute towards development of multiplexing assay of
multiple cytokines using the same sensing mechanism using the aptamer

sequences to detect the analytes of interest.
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Chapter Six

Conclusions and Future Work
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The overall aim of this work to develop fluorescent nanosensors for the real-time
biological assays has been successfully achieved. The nanosensors, fabricated
from bio-friendly materials; polyacrylamide nanoparticles (PANPs) or silica
nanoparticles (SNPs), have been produced and successfully validated for the real-
time ratiometric fluorescence measurement of the intracellular pH, one of the
most important cellular markers. Furthermore, an improved distance-dependent
fluorescence quenching has been reported for the first time using SNPs.
Additionally, aptamer-based fluorescent nanosensors have been developed for the
detection of DNA hybridisation and INF-y as a model cytokine. The key
conclusions and future perspectives for these investigations are summarised into

the following sections.

6.1. Production of ratiometric fluorescent pH nanosensors

The work described in Chapter 2 discussed the synthesis of two types of
ratiometric fluorescent nanosensors for the measurement of pH over a wide
dynamic pH range. This dynamic pH range was from pH 3.5 to pH 7.5, covering
the pH of biological systems and cell types. To obtain this wide dynamic pH
range, two pH sensitive fluorophores (OG and FAM) were covalently linked to
the corresponding nanosensor matrix while another reference fluorophore

(TAMRA) was utilised to provide the ratiometric fluorescence measurements.

Nanosensors that were fabricated from a polyacrylamide nanoparticle matrix, with
a size of about 50 nm, were produced using a previously reported protocol that
has been published by the Aylott research group via reverse microemulsion

polymerisation reaction [137].
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A second type of nanosensor was fabricated from silica matrix and synthesised
using a modified Stober method for the synthesis of SNPs. Many protocols have
been previously reported for the synthesis of SNPs with a size range below 100
nm to facilitate potential cellular insertion [203-207]. However, when such
protocols were attempted during this work, the measured size range of the
resulting SNPs differed greatly from that reported. Accordingly, the first
challenge in this study was to establish a reproducible protocol for the production
of size-tuneable SNPs. To achieve this aim, research was conducted to study the
effect of varying the amounts of each reactant/catalyst involved in the process of
SNPs synthesis. Factors such as the amounts of TEOS, NH,OH, ethanol and dye-
APTES conjugate were investigated and optimised. The results showed that, the
quantity of NH,OH plays an important role in controlling the size of the resultant
SNPs while the amounts of other reactants have shown minimal effects on the size
of SNPs. Overall, using the conditions reported in Chapter 2 and summarised in
Table 2.2, size-tuneable SNPs within the range from 45 nm to 900 nm can be

readily produced.

In addition, SNPs, synthesised from the hydrolysed TEOS, exhibited a surface
with a zeta potential of about -30 mV indicating a negative surface charge on the
nanosensors surface which is attributed to the hydroxyl groups of silanol. In
contrast, the surface charge of polyacrylamide nanosensor was nearly neutral or
slightly positive. In order to enhance cellular uptake, nanosensors were surface-
modified with positively-charged groups. This was achieved by incorporation of
trimethylammonium ions inside the polyacrylamide matrix using a modifying

acrylamide monomer (ACTA). Further, APTES was used for functionalisation of
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SNPs with amino group to confer positive charges on the corresponding

nanosensor surface.

A limitation to using SNPs with diameters <75 nm was a reduced nanoparticle
yield and the inability to collect the nanoparticles efficiently from the solution. A
considerable yield of about 100 mg was obtained when SNPs were prepared in the
size range of ~75 nm. Therefore, further investigation to separate SNPs with a
small size range below 75 nm is required. This could be achieved by using
another technique for nanoparticle separation other than centrifugation.
Additionally, enhancement of the resulting nanoparticle yield is necessary to
collect the nanoparticles. An approach to solve such problems is to use dialysis
and freeze-drying for nanoparticle separation which could improve the efficiency
of separation and increase the final nanoparticle yield. Further, the size of SNPs
could be reduced by using smaller amounts of NH4OH than that reported in this
thesis. Following the success of these investigations, production of small SNPs
with a size range below 20 nm could be achieved by using the optimised protocol.
This could contribute in synthesis of small f-SNPs which could then provide
silica-based fluorescent donors in distance-dependent fluorescence energy
transfer/quenching processes which could be used as alternatives for QDs which
are extensively utilised as FRET donors. In addition, this small nanoparticle size
may improve the cellular uptake of silica nanosensors. Furthermore, the versatile
chemistry of silica provides a favoured surface to accommodate many ligands
which contribute towards the development of multiplexing assay model using

SNPs.
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6.2. Real-time measurement of the intracellular pH

Validation of the developed ratiometric pH nanosensors for the real-time
intracellular assays was successfully achieved using yeast cells. Yeast cells were
selected as a unicellular microorganism that represents a model of the developed
eukaryotic cells. The investigations detailed in Chapter 3 revealed that positively-
charged pH nanosensors were taken up by the cells whilst negatively-charged
nanosensors were not taken up. Furthermore, the polyacrylamide pH nanosensors
exhibited better cellular uptake and higher signal to noise ratio compared to the
silica pH nanosensors. This was rationalised as being due to polyacrylamide
nanosensor composed of a low density matrix which can be readily separated
from the cells by centrifugation, after nanosensor incubation. Additionally, this
improved cellular uptake may be due to smaller size of PANPs (50 nm) than SNPs
(75 nm). Further, the optimised protocol for the nanosensor delivery into yeast
cells removed the need to use the stress-based techniques that have been
previously reported for incorporation of polyacrylamide nanosensors into yeast

cells.

The polyacrylamide fluorescent pH nanosensors were successfully applied for
monitoring the intracellular pH changes of yeast cells during glucose metabolism
in the real-time. Reliable intracellular pH measurements were performed using
fluorescence microscopy while MATLAB® and ImageJ® were utilised for the data
analysis. The optimised protocol for the nanosensors delivery and performing the
assay enabled the application of the nanosensor to measure the intracellular pH of
each individual cell. Based on the growth phase and age, each individual yeast

cell exhibited its own pH value. However during glucose metabolism, the
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response of a population of yeast cells was similar. To establish a simple, reliable
relationship between the intracellular pH changes and time, the mean of the

intracellular pH of the studied cells was used to establish such relationship.

The results revealed that the cells take about 25 minutes after glucose addition to
restore their pH which then remained stable for further 15 minutes. This study
discussed the importance of the energy produced during glucose metabolism and
the ability of yeast to maintain their normal intracellular pH, enabling cells to
keep their pH homeostasis. This phenomenon has been studied for the first time
using ratiometric fluorescent pH nanosensors, validating the biological application

of the developed nanosensors for the pH measurements.

The optimised protocol for the nanosensors delivery to the yeast cells was
successfully used for incorporation of the nanosensors into ~65% of the yeast
cells. This percentage of internalisation is acceptable when dealing with yeast and
better than the reported percentage [270]. However, further studies are required to
improve this percentage with keeping the normal cellular functions. Another
limitation that was found in this study was that silica nanosensors were difficult to
be used in the assay process due to problems occurred when trying to remove the
non-incorporated SNPs from yeast cells. Further solution to this problem is
required to incorporate the silica nanosensors into yeast cells. This could be
achieved by fabrication positively-charged silica-based pH nanosensors with
smaller size than that prepared in this thesis and incubate such nanosensors with
the yeast cells for more than 24 hours. Additionally, higher concentrations than 20

mg/mL of nanosensors may be required to achieve maximum cellular uptake.

223



Chapter Six

While real-time measurement of the intracellular pH of yeast cells during glucose
metabolism was successfully achieved, we could not differentiate between the pH
values of each cell organelles, such as vacuoles, cytoplasm or mitochondria. To
achieve this, the future direction for this study is to utilise super-resolution
fluorescence microscopy and fluorescence microscopy with higher magnification
objectives to provide higher resolution images of the yeast cells. From these
images further information about the pH changes of the intracellular organelles
will be ascertained. The trade-off in obtaining high resolution images is that less

population data is obtained.

6.3. Distance-dependent fluorescence quenching study using

SNPs

SNPs and core-shell SNPs have been developed in many studies; the main
purpose for using silica in most of these investigations was to utilise the chemistry
of silane to provide a platform that can be used for further bimolecular/chemical
conjugation. The research detailed in Chapter 4 discussed using the surface
chemistry of silica to establish a protocol for the efficient binding amino-
molecules to SNPs using the EDC/NHS coupling chemistry. The results revealed
that using the EDC/NHS activated SNPs can bind to amino-molecules with

efficiency ~70%.

Further, previous studies have been reported some instances of improved
fluorescence quenching/energy transfer between fluorescent donor and plamonic
nanoparticle, using silica as a spacer, beyond the expected Forster distance [336,
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338, 339, 341]. However, these studies attributed this improved process to the
plasmonic properties of the noble metal nanoparticle and not to the effect of silica.
Until now, fluorescence quenching/transfer between a fluorophore and a
molecular quencher, such as BHQs, over different distances using silica as a
spacer, has not yet been studied. Therefore, in Chapter 4, investigations were
conducted using different models of size controlled TAMRA-SNPs and core-shell
TAMRA-SNPs, prepared with different thicknesses of silica shells around the
fluorescent core. An optimised protocol for conjugating an amino-functionalised
quencher (BHQ2) to the surface of SNPs and core-shell models was developed to
study the fluorescence quenching of TAMRA over different distances, using silica
shells as spacers. A process of distance-dependent fluorescence quenching of
TAMRA was observed over a distance up to 25 nm. Maximum quenching of

about 75% was achieved using the optimised TAMRA-SNPs.

The results obtained in Chapter 4 demonstrate that fluorescence quenching occurs
over greater distances than that expected, when considering the conventional
FRET requirements. However, the mechanism behind this is not clear. The
research conducted in this study opens an interesting debate about the role that
silica may play in the process of the improved fluorescence quenching. The
successful production of small SNPs, with a size below 20 nm, may help to
investigate this phenomenon in more detail as it could not be determined if the
observed quenching process was due to the FRET process or another mechanism.
Therefore, production of small size SNPs, suitable as FRET donors, could help in
understanding the phenomenon in more details. In addition, further investigations

using gold nanoparticles as fluorescence quenchers instead of BHQ2 and
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comparing results to those obtained in this work could provide an additional

evidence to gain a complete understanding of this phenomenon.

6.4. Aptamer-based nanosensors for the detection of DNA and

cytokine

Cytokines are important biomarkers, whose role are not fully understood and are
difficult to measure. There are commercially available kits and previously
reported methods for the detection of cytokines using the antibodies for capturing
and detection of the cytokine of interest. Despite this, using such methods for the
real-time detection of cytokine release is limited. Therefore, nanosensors capable
of real-time detection are required. Further, the utilisation of aptamers instead of
the antibodies in nanosensor fabrication has contributed in improving the assay
process and produced probes that can be used for the real-time assays within the

cellular environment.

The work described in Chapter 5 details two types of aptamer-based fluorescent
nanosensors for the assay of a model cytokine (IFN-y). The first nanosensor was
based on utilising the conventional FRET phenomenon for the assay procedure
while the second nanosensor type was based on the fluorescence quenching of
SNPs that was detailed in Chapter 4. DNA aptamer sequence that can bind IFN-y,
with high affinity and selectivity, was used as a ligand while the surface of SNPs
was used as a surface for the aptamer immobilisation. The produced nanosensors
were successfully hybridised with a target complementary ssDNA to provide a
tool for the quantitative assay of DNA hybridisation to optimise the response of

the nanosensors. Additionally, based on the aptamer affinity to IFN-y molecule,
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the developed nanosensors were successfully used for the detection of this

important cytokine.

The future prospective for this study is to improve the sensitivity of the developed
nanosensors for the assay of IFN-y. A solution for this problem depends on
development of SNPs with a reduced size than that prepared in this work, which
could further increase the number of the assembled aptamers (ligand) on
nanoparticle surface and improve the sensitivity. Once this work is achieved, the
potential application for these nanosensors is to detect the release of IFN-y from
stimulated leukocytes in real-time. The successful achievement of this could
provide optimum tools for the non-invasive, real-time detection of IFN-y and
contribute in development of versatile nanosensors for detection of other
cytokines could be achieved. This could be the core for development of multiplex

nanosensor for the detection of several cytokines using the same nanosensor.
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