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Abstract

Nanoparticle science is a rapidly developing field within a variety of scientific
disciplines. Developing nanosensor-based nanoparticles for measuring intracellular
oxygen is of great interest as a diagnostic tool. It helps to understand and investigate
biological responses that affect health, the status of the disease, and the mechanisms
of curative therapies. The measurements are based on changes in luminescence
intensity quenched by the increase in oxygen concentration. This approach provides
information on cellular spatial and temporal measurement and the assessment of

kinetics in multiple biological samples for different applications.

This study describes the development and characterisation of ratiometric oxygen
nanosensors to improve the monitoring of oxygen in a biological system. Moreover, in
order to obtain biological insights that would help to expand the knowledge of
nanosensor trafficking, pH nanosensors were used to investigate intracellular pH
responses. Thus, oxygen and pH nanosensors were tracked in situ to provide the
intracellular fate that correlates with physiological relevant mechanisms. The
ratiometric approaches were used in both oxygen and pH nanosensors. Oxygen
nanosensors designed by conjugating a platinum porphyrin to the surface of the
polyacrylamide matrix and entrapping 5-(and-6) - carboxytetramethylrhodamine
(TAMRA) in polyacrylamide nanoparticles. Ratiometric nanosensors for pH sensing
were prepared by entrapping the OG (Oregon green) and (FAM) Fluorophores 5- and
6-carboxyfluorescein sensitive fluorophores to pH and TAMRA insensitive fluorophore

to pH in a polyacrylamide matrix.



Nanosensors were developed and fluorophores conjugating to polyacrylamide

nanoparticles optimised and calibrated using fluorescence microscopy imaging. Both

oxygen and pH nanosensors were investigated in terms of their co-localisation with

lysosome and mitochondria in the cells. This was done to overcome the limitations of

oxygen monitoring problems. Intracellular monitoring of oxygen by nanosensors brings

hope for cellular responses to micro-environmental change especially responses that

report cellular vital signs activity. Oxygen nanosensors have been applied to the

biological systems of immune cells (THP-1 differentiated macrophage) and hepatic

cells (HepG2 cells), resulting in five major findings:

1)

2)

3)

Nanosensors were successfully delivered to macrophage and HepG2 cells
without affecting cell viability and metabolic activity. In addition, calibration of
sensors was conducted in fixed cells within a controllable oxygen chamber
connected to a fluorescence microscope.

In studying nanosensors application, oxygen nanosensors were delivered to
macrophages in order to control phenotype modulation by monitoring oxygen.
However further investigation has revealed that Pt porphyrin modulates
macrophage phenotype with continuous imaging. This is caused by enhancing
ROS generation which leads to unreliable metabolic endpoint measurements.
Therefore, application of nanosensors in biological system in this thesis focuses
on studying oxygen monitoring in hepatic cells.

Nanosensors location were determined in hepatic cells with respect to lysosomes
and mitochondria in order to help correlate oxygen consumption with cellular
metabolic activity. It has been found that oxygen nanosensors are most likely to

be distributed in the cytoplasm.



4) Endpoint measurement of oxygen has been assessed in hepatic cells exposed to
different insults using imaging microscopy. Reported oxygen concentrations were
supported with an apoptotic assay to understand the effect of cellular functionality.

5) Oxygen nanosensors were applied on 3D cellular model of spheroids to evaluate
oxygen nanosensors in tumour model. Spheroid is a multicellular aggregate which
is a complex architecture model of tumour. These characteristics limit the
detection capability of oxygen sensing probe and failure of oxygen detection. With
these challenges, oxygen sensors are becoming extremely useful for screening
drugs by detecting oxygen gradients in spheroids. The kinetic of oxygen

concentration was monitored to assess the effect of environmental reactions.
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Chapter 1. Introduction

1.1 Preface

The main focus in this thesis is fabrication and development of oxygen nanosensors
and their application. This is to improve existing methods for the monitoring of oxygen
in cellular monolayers and 3D cultures of different biological systems. The design of
oxygen nanosensors has been developed in our group in collaboration with Dr.
Francesca Giuntini at Liverpool John Moores University, who synthesised the indicator

dye.

Oxygen nanosensors are composed of a polymer matrix coupled to a synthetic dye
which report oxygen concentrations with a quantifiable phosphorescence signal. In the
development process of oxygen nanosensors, the indicator dye concentration is
critical and needs to be optimised in order to provide high phosphorescence signal and

while being non-invasive to for the cells undergoing measurement.

From the perspective of biological applications, as well as measuring the oxygen
concentration, it is important to track nanosensors location so that the spatial location
of the measurement is known too. Using nanosensors enables researchers to both,
make measurements of the analyte of interest and to spatially localise these
measurements. This is beneficial when attempting to target monitoring of specific
organelles in cells and to determine the exact site of measurements and link to

physiological activity of the cells.

Another interesting approach when using nanoparticle- based nanosensors is to

observe how the chemistry of coupling fluorophores might affecting cellular trafficking.



For example, in this study, the Pt porphyrin molecule coupled to the surface of the
polyacrylamide matrix of oxygen nanosensors was compared to pH sensitive
nanosensors, which have different indicator and reference dyes encapsulated in
polyacrylamide nanoparticles. Studying the cellular fate of oxygen and pH
nanosensors as a result of their different surface chemistries can help gain an

understanding of nanoparticle trafficking and movement.

In this thesis, oxygen nanosensors were used in two biological systems which were
models for the immune system and for hepatic cancer. This chapter will provide an
overview of the nanosensors used, as well as the biological systems they were applied

to.

1.2 History and types of nanosensors

German physician Paul Ehrlich won a Nobel Prize over 100 years ago on how cells
interact with chemical dyes. His study generated a theory of interaction between
chemical compounds and cells, influenced by their chemical composition [1]. In 1959,
the concept of nanotechnology was introduced by the Nobel laureate Richard
Feynman, at an American Physical Society meeting at the California Institute of
Technology, in a talk entitled ‘There’s Plenty of Room at the Bottom’. This was an
encouragement for the development of nano-medicine [2]. Consequently, the
revolution continues, as optics and chemistry combine to develop nanotechnology and
invent new advanced analytical techniques, able to visualise and measure events at
the nanoscale. The majority of the adaptations in biological systems, leading to healthy
or diseased status, take place in microenvironments at the sub-cellular level, which is

the current limit of our knowledge



There are conventional diagnostic techniques that can effectively screen for/or identify
markers of interest. For example, polymerase chain reaction (PCR) sequencing,
enzyme linked immunosorbent assay (ELISA) and blotting methods are common on
molecular which is based on molecular biology techniques. However, all these
techniques have some disadvantages whether that be time taken to carry out the
analysis, the inability to carry out in situ measurements or the cost per test [3]. Ideally,
new analytical methods would require little sample preparation, be quick, cost-effective
and provide results that were specific, sensitive and reproducible [4]. Nanotechnology
can provide potential solutions, implementing strategies that overcome some of the
limitations demonstrated by other techniques, for example the small sizes of

nanosensors can lead to fast response times.

A nanosensor is defined by a device or tool with maximum dimensions of 100 nm that
has sensing characteristics [5]. It is used to provide information on the nanoscale and
convert it into analysable data [6]. Nanosensors used for detecting biological
biomarkers can be easy to prepare, sensitive, cheap, and can be used to monitor
multiple analytes [3]. Further, they have the capability to monitor physical or chemical
phenomena such as temperature, light, potential transmitted by cells and to then
convert this to measurable signals [7]. Further, nanosensors can be considered as
analytical devices that allow monitoring of important biological analytes which afford
insights into cellular activity [8]. Generally, bio-sensing procedures are composed of
three main steps: 1) detecting of the stimuli by a detector, 2) generating the output
signal, 3) processing the output signal and presenting the results. In 2020, Abdel-Karim
et al. reviewed different categories of nanosensors and their compositions [7]. They

classified the nanosensors according to transducer structure into: 1) optical



nanosensors, 2) electrochemical nanosensors, 3) mechanicallvibrational
nanosensors. Each of these nanosensor classifications is discussed below in more

detail:

1.2.1 Electrochemical nanosensors

The basic concept of electrochemical nanosensors is the interaction of an analyte of
interest with the nanosensor produces an electrical signal proportionally related to the
analyte concentration. There are different types of electrical signal that can be induced
or monitored, including: 1) amperometric, 2) potentiometric, 3) conductometric which
detect varieties of analytes [9]. Typical electrochemical nanosensors consist of a
working electrode (to detect the analyte) and reference electrode (insensitive to
analyte) separated by electrolytes [9]. Electrochemical nanosensors provide many
advantages: short response times that carry out real-time monitoring of biological
processes possible. Simplicity of use, inexpensive, cost and the possibility of
miniaturisation [10]. Their primary disadvantage is that they are prone to fouling and

need replacing when applied for long-term use [11].

The Clark electrode, first reported in 1959 [12] was developed to facilitate biological
oxygen measurements [13, 14]. However, accurate spatial measurements are limited
with this type of electrode due to its oxygen consumption and results in cellular

measurements being restricted to single point oxygen measurement [15].

Recently, micro/ nano-electrode array sensors have evolved particularly as a result of
the rapid advancement in micro/nano meter scale machining technology. However,
challenges are still present due to difficulties in miniaturisation and fabrication of

sensors, particularly with regards to electronics integration with [16].



An example of electrochemical nanosensors is use of an extremely flexible
electrochemical oxygen sensor that detects dissolved oxygen content with great
sensitivity and uses threads as sensing electrodes. Specifically, threads which act as
sensing electrodes are composed of two silver-coated threads as the cathode and
anode for measuring dissolved oxygen over a large or small area, Figure 1-1Figure
1-1 [17]. However, while thread nanosensors showed good repeatability and stability;
further studies need to be carried out to test sensing selectivity to oxygen not to other

gases [17].

Silver-coated thread

IPA, diH20 cleaning

Wire sensor Tip sensor
Dielectric ink coating Dielectric ink coating
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Figure 1-1: Diagram showing the steps involved in making thread-based oxygen sensors. (A)
A picture of a wire sensor, with just one thread electrode. (B) Image of a tip sensor taken at
the tip. (C) Photograph of a sensor with a curved tip. (D) Image of a finger with a tip sensor
coiled around it, adapted from Junfei et al. [17].

1.2.2 Mechanical/vibrational nanosensors
Mechanical nanosensors are based on measuring the forces at the molecular level.
The main advantage of this type of nanosensors is that they are sensitive to mass.

Therefore, detection of mass is enhanced when the mass of mechanical sensors
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decreases to nanoscale. However, fluid detection by mechanical nanosensors might
be affected by viscosity due to decrease of sensitivity [3]. To solve issues of sensitivity
in fluid detection, a technique has been developed based on a sensing array of
resonant microcantilevers. Resonance-based sensors can continue to function with
good sensitivity in a variety of liquid physiological conditions [18]. However, the
sensitivity is an advantage of this technique, it considered as the main issue. Since
almost anything has mass, a wide range of compounds in a sample might theoretically
create a signal and hence impair selectivity [19]. Therefore, to advance these
biosensors an integration of different techniques, electrochemistry and

microcantilevers Figure 1-2, were used to enhance sensitivity and selectivity [20].
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Figure 1-2: Schematic of a microcantilever biosensor and (b) an image of the cantilever taken
with a scanning electron microscope (SEM), adapted from Liu et al. [21].

This was demonstrated in a study carried out by Tian et al. in a study that used an
electrochemical microcantilever biosensor for detection of Aflatoxin B1 pollutant of
food. It has been shown that the prepared PI/Si/SiO2 microcantilever demonstrated
excellent mechanical characteristics coupled with a maintained electrical voltage

output, Figure 1-3 [20].
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Figure 1-3: Design of the PI/Si/SiO2 microcantilever as rectangle, The Wheatstone bridge
produced a voltage output voltage when an input voltage was applied to it, adapted from Tian
et al.[20].

1.2.3 Optical nanosensors

Optical signal detection by nanosensors offers excellent sensitivity due to the
specificity imparted by molecular recognition centres conjugated to nanomaterials.
However, the sensitivity significantly depends on how the optical phenomena are
detected. Optical sensors are categorised to several detection modes, e.g.,
absorption, fluorescence, Raman and refraction [3]. They have been applied in
different research areas such as biotechnology, medical application, environmental

science and chemical industries [7].

One of the many promising optical nanosensors are fluorescent nanosensors [22-27].
This is due to the high sensitivity to the analytes gained from fluorescence as
compared with ultraviolet (UV) absorption, the range of photoactive molecules which

can be combined in a single particle for different analytical purposes, and the ability to



make qualitative (detection) and quantitative measurements. Simplistically,
fluorescence nanosensors are comprised of nhanoparticles conjugated to at least one
type of photoactive units [7]. These photoactive units use fluorescence and/or
phosphorescence to emit their signal, the basis of these techniques are explained

below.

1.2.3.1 Principle of luminescence

Luminescence is the emission of light from a substance resulting from a transition from
an excited electronic state to the ground state. Luminescence is categorised into two
forms; fluorescence and phosphorescence, depending on the type of excited state
transition [28]. Spectroscopic changes can be explained using the Jablonski energy
diagram Figure 1-4 that show the processes that occur during the absorption and
emission of light by a molecule. The electronic ground state and first and second

excited singlet states are represented by So, S1 and S2 respectively.

Most molecules reside in the lowest vibrational level of the ground electronic state at
room temperature, and when light is absorbed, they are raised to produce excited
states. The molecule absorbs light to create either the first, S1, or second, Sz, excited
state, as shown in the simplified the diagram below. The molecule then relaxes and
transits from the Sz to the Si in a vibrational state which is termed as (internal
conversion). As relaxation occurs, the electron relaxes from Si to So, through radiative
emission, which is termed as fluorescence, or non-radiative emission via heat or
vibrations. A fluorescent photon is usually captured at longer wavelengths and lower
energy levels than an excited photon due to loss of energy during the internal

conversion which occurs within 10712 s or less [29, 30]. Fluorescence emission rates



are approximately 108 s, meaning that a typical fluorescence lifetime is close to 10
ns (10 x 10° s). Life time is the average amount of time elapsed between a

fluorophore's excitation and return to the ground state is known as lifetime [30].
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Figure 1-4: Jablonski energy diagrams, adapted from Lakowicz et al [30].

1.2.3.2 Principle of phosphorescence

Phosphorescence is the process where electrons relax from the excited triple state
(T1) to the ground state (So). For the electron to transfer from the excited single state
(S1) to the excited triplet state (T1) they undergo a process known as intersystem
crossing [31]. The emission rates are slow (102 to 100 s™), so that phosphorescence
lifetimes are typically milliseconds to second. The fluorescent and phosphorescent
lifetimes of a molecule are an intrinsic property of that molecule [30, 32]. In some

cases, however, fluorescent intensity is quenched by a different mechanism, the use



of a quencher molecule and these systems can be developed to indicate the presence
of a quencher (analyte). Quenching mechanisms can be generated as a result of
interactions between the excited states of a neighbouring molecules, energy transfer,
complex-formation and collisional quenching [15]. They are highly dependent on the

period of time an electron or molecule stays in the excited state [31],Figure 1-5.

- Intersystem ?
9y t crossing

Stable Singlet Triplet
excited state excited state

Figure 1-5: Phosphorescence representative scheme of spin conversion from singlet (excited
state) to (triplet) excited state adapted from Pandey [33].

Fluorescence emission efficiency is measured by quantum yield, yields (¢). The
fluorescence quantum yield measures the amount of photons that are emitted versus
those that are absorbed. This can be calculated by dividing the rate of radiative
fluorophores (') by the sum of rate of radiative (I') and non-radiative deactivation (Knr)

of the excited electronic state [30] [34].

(@)=__ (I
(F) + (Knr)
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If the rate of radiationless decay (knr) is significantly lower than the rate of radiative
decay ('), then the quantum yield can be very close to unity. Quantum yield can be
measured relative to a standard with known fluorescent quantum yield. These
compounds' quantum yields are often independent of excitation wavelength, the

standards can be applied anywhere they exhibit useful absorption [35].

The most common method for determining the quantum vyield is to compare the wave
length integrated intensity of the unknown with the standard. To prevent of inner filters
effects, the optical density is kept below 0.05, or the optical densities of the sample
and reference (r) are equal at the excitation wavelength. The quantum vyield of the

unidentified molecule is determined by

. OD ng

Where Q is quantum yield, | is the integrated intensity, OD is the optical density and n
is the refractive index. The reference fluorophore of known quantum yield is denoted
by the subscript R. It is not essential to adjust for the various excitation intensities of
various wavelengths because it is assumed in this expression that the sample and
reference are excited at the same wavelength. This ratio was calculated by taking into
account the intensity that a detector in a medium with refractive index no observed
from a point source in a medium with refractive index ni. So the ratio (ni /no)? influences
the observed intensity [36]. And this highly present the importance of sensitivity of

fluorophores used in fluorescent nanosensors [36].
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1.3 Exploring fluorescent nanosensors potential for biological
application

Nanoparticle based optical sensor technology has been developed over the past
quarter of a century, with first particle based sensor reported by Sasaki et al in 1996
and the first nano-sized particle sensors named PEBBLE (Probes Encapsulated by

biologically Localized Embedding) for measurement of pH [37].

Fluorescent nanosensors are an exciting tool used in multidisciplinary research [38].
They have several advantages: i) reversible response, ii) non-invasive when used for
biological measurement, iii) reliable sensitivity and specificity, iv) capability of using
ratiometric measurements [26]. To make ratiometric measurements, two different
fluorophores are incorporated into the nanoparticle matrix, one of them is an indicator
for the analyte and the other acts as a reference (not sensitive to the analyte) and the
intensity ratio is obtained, rather than an absolute intensity. The goal of using this
approach is to overcome the drawbacks that affect using single intensity
measurements such as fluctuations of excitation light source, detector sensitivity and
sensor concentration [39]. Chauhan et al utilised a combination of fluorophores;
Oregon green and carboxy fluorescein, as indicators to measure pH and platinum
porphyrin as an indicator dye to measure and molecular oxygen [15]. There are various
sensing modes based on fluorescence, including intensity, lifetime, energy transfer
and quenching efficiency, that can be correlated with detection and quantitation data

of the analyte [40].

12



1.3.1 Versatility of chemical tailoring of nanosensors

Several studies have recently been conducted with the use of nanomaterials,
especially nanoparticles, such as silica [6, 7], polylactic acid nanoparticles (PLA) [8],
poly (lactic-co-glycolic acid) nanoparticles (PLGA) [9], and polyacrylamide [10]. NPs
have properties that can be addressed to meet the requirements for implementation in
the body [22, 41, 42]. The key properties that allow NPs synthesised from these

materials to act as nanosensors are summarised as follows:

e Matrix of polymeric NPs can be prepared by standard and cheap chemicals.
e Monomers are polymerised to form inert material that shields sensing
fluorophores from interference cell components [43].
e The polymeric materials have the capacity to be functionalised to facilitate the
incorporation or conjugation of sensing moieties [22].
The chemical versatility of the nanosensors allows for surface-functionalisation where
the surfaces present a chemical reactive group, which may be amino, carboxyl or thiol
[44]. This group can then be included in a variety of conjugation strategies to link
sensing or targeting moieties to the NP, these interactions can be facilitated via

covalent, non-covalent and electrostatic mechanisms as detailed below:

1) In the form of a carbodiimide-mediated reaction between the amino and
carboxylic group, to form an amide group using 1-ethyl-3-(3-(dimethylamino)
propyl) carbodiimide hydrochloride (EDC) chemistry. The typical procedure
involves activation of the carboxylic acid (-COOH) group by EDC and the N-
hydroxysulfosuccinimide sodium salt (sulfo-NHS) in a buffer to produce an
active O-acylisourea intermediate, which can then react with the amino (-NHz)

group contained in nanopatrticles to yield a stable amide bond Figure 1-6 A [45].
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2. The azide—alkyne cycloaddition reaction catalysing by influence of copper,

Figure 1-6 B.

Noncovalent linkage, which includes electrostatic interactions between cationic

NP with anionic biomolecules Figure 1-6 C [46].
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Figure 1-6: A) Carboxylic acid of biomolecules (blue) conjugation to amino-functionalised
nanoparticles (green) by carbodiimide-NHS mediated coupling. B) Conjugation of azido- and
alkynyl-functionalized polymeric nanoparticles using Cu as a catalyst. C) Electrostatic reaction.
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1.3.2 Dye loading strategies

The mechanism of loading fluorophores into polymer NPs is important for the efficiency
of sensing properties. The most common limitation of NPs with entrapped fluorophores
is leaching of the fluorophores from the particles into the environment (e.g cytosol of
cells) which decreases brightness of nanosensors, increases the background signal
and can cause negative effects to the sample [47]. Therefore, a range of different
approaches are used for loading fluorophores into particles. These include covalent,
non-covalent and electrostatic, as mentioned above. Non-covalent methods are
largely performed by physical entrapment, which can be through linking a fluorophore
to a larger molecule such as dextran [22] or through polymer through swelling [48].
This process is simple, however it suffers a major limitation of dye leaching. This
leaching can be resolved to some extent by selecting of hydrophobic or hydrophilic

dyes which are better retained in the polymer matrix [49].

Another problematic aspect of loading dyes in polymer NPs is that aggregation can
cause a quenching effect, which in turn reduces quantum yield and brightness of the
fluorescent NP. Therefore design of fluorescence dyes and conjugation method to NPs
are the key aspects to reduce aggregation [50]. This problem can be overcome by
using covalent attachment of dyes to NP matrices, to prevent 1 — 1T interactions which

is called pi-stacking [51], and optimise signal generation.

The requirements of dye-loaded NPs for photo-stability, brightness, and rapid
response are suitable for bio-imaging applications [52]. To date, fluorescent NPs have

been used for labelling biological targets or tracking the behavioural change of cells
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[53, 54]. In this thesis, research will focus on oxygen and pH nanosensors that will be

detailed in the next sections.

1.3.3 Examples of nanosensors used for biological applications:

1.3.3.1 State of the art of the pH nanosensor

Determination of pH is one of the key markers for monitoring biochemical and
metabolic pathways of intracellular processes [43]. Additionally, pH changes have an
extracellular effect on medicinal compounds penetrating to the therapeutic target [55,
56]. In early works, sensors had been developed to be used at the micro-scale such
as fibre optics [57, 58]. The first fibre optic sensor was introduced in the early eighties
by Peterson et al. It was introduced to monitor blood pH based on the absorbance

change of phenol red, which is a pH indicator [59].

Fibre optics are composed of a hair-thin fibre which is made of plastic or glass. It is
surrounded by cladding which acts as the outer reflecting layer [60]. Optical fibre
sensors are often characterised by the presence of a distal tip containing the sensing
fluorophores. They have has a small tip dimension, which has the capability for cellular
insertion [61], Figure 1-7. Such systems can be coupled with microscopy techniques

to characterise local changes in fluorescence within a biological system.
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Figure 1-7: Schematic of the fibre-optic probe with a sensing membrane [62].

The advantages of this approach are fast response, low cost, ease of fabrication and
detection range is often ideal for measurements in biological systems [63]. However,
fibre optics are limited for biological measurements due to cell perturbation as a result
of membrane puncture. Therefore, there is a desire for alternative methods that are

non-invasive and offer more reliability [64].

Among the several methods for monitoring pH, fluorescence nanosensors are widely
used. One such example is an optical pH nanosensor composed of an indicator dye
which is entrapped or adsorbed by covalent linking in a proton permeable polymer
matrix, Figure 1-8 A [22]. Another approach of nanosensor which is encapsulate

indicator and reference dyes in polymeric matrix, Figure 1-8 B.
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Figure 1-8: Design of nanosensors A) nanosensors with single indicator fluorophore B)
nanosensors with ratiometric design indicator and reference fluorophores.

There are many commercially available fluorophores that are pH sensitive and used
as free dyes for the measurement of pH, such as fluorescein derivatives,
naphthalimide derivatives, rhodamines and boron-dipyrromethene (BODIPY) dyes,
presented in Table 1.1. However, free dyes have been shown to be unreliable when
measuring biological systems, affecting cellular organelles by causing photo-toxicity
or binding to cell components such as proteins [65]. Therefore, the idea of coupling or

entrapping fluorophores within biomaterials was developed [66].

Fluorescein derivatives are the predominant fluorophores used for cellular
measurements, both as free dyes and within nanosensors. This is due to its versatile
chemistry and near-neutral response of fluorescein and its derivatives. The equilibrium
between the carboxylic functionality and the lactone group which is highly dependent
on surrounding pH, and leads to changes in photo-physical properties, is shown in
Figure 1-9. At a neutral pH under excitation 490nm, the most fluorescent di-anionic
form dominates over other forms. Mono-anionic fluorescein exhibits a blue-shifted
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absorption below pH 6.4, followed by a sharp decline in fluorescence. Neutral and
further cationic versions of fluorescein become non-fluorescent when exposed to

radiation at even lower pH levels [67, 68].

To obtain maximum sensitivity of pH measurements, especially when attempting to
extend the dynamic range, a careful selection of the fluorophores ratios with tuned pKa

should be considered [69].
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Table 1.1: Most common commercial available fluorophores

948

OH HO

pka~2.1

pka~4.3

Fluorophores pKa Excitation/Emission | Reference

2'7'-Bis-(2-carboxyethyl)-5-(and- | 6.97 508/530 [70]

6) carboxyfluorescein (BCECF)

Carboxyfluorescein (5(6)-FAM) 6.4 490/520 [22]

Oregon green 4.7 490/520 [22]

PHRodo 6.6 561/585 [71]

CypHer 5E 6.3 644/633 [72]

Chromenoquinoline 2.32 352/414 [73]
Relative
fluorescence
intensity

(exc490 nm)

Figure 1-9: fluorescein derivatives structure equilibrium that change with pKa [68].
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1.3.3.2 State of the art of oxygen nanosensors

Gauging oxygen tension by measuring dissolved oxygen (DO) has considerable
importance as an indicator for the cellular environment, particularly to detect defective
metabolism [74] and to study tumour respiration [75], and has additional importance in
diagnosing disease and cancer associated with excessive reactive oxygen species

(ROS), which is a by-product of the metabolic reactions of DO [76].

Although extensive research has been carried out on measuring oxygen by describing
the consumption rate or measuring extracellular environmental oxygen, no adequate
studies explain cellular dynamic oxygen change. Therefore, finding a technique for the
real-time measurement of oxygen is extremely important. Measuring oxygen would
provide a diagnostic sign of respiration dysfunction of cells which would consequently

causes the disruption of physiological activity.

Historically, there are several methods proposed for the determination of DO. The first
method for the determination of oxygen in water was the Winkler titration in 1888,
which was devised by Lajos Winkler [77]. The basic concept of this method is that the
oxygen quantified in the sample oxidizes iodine ions to iodine quantitatively; the
amount of iodine is then determined by titrating with a standard thiosulfate solution. To
assign the end point, there are two methods: 1) automated method by reading the

absorption of ultraviolet light and 2) a manual method by using starch indicator [78].
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Another significant method for measuring dissolved oxygen was initiated with the
invention of the Clark electrode and is still applied today. The sensing concept is based
on polarography, where a platinum oxygen-sensitive electrode and silver reference
electrode are combined and immersed in a KCI solution. The principle is based on
measurement of the potential of the electric current between electrodes, which is
proportional to the oxygen partial pressure in aqueous solution. The main
disadvantage of this approach is the oxygen consumption by the system, which leads

to incorrect measurements at low pO: levels [79].

Being aware of the limitations of the above techniques, fluorescent nanosensors have
been developed for oxygen measurement. They have a powerful advantage
comparing to other approaches, in that the miniaturisation can be simply performed,
and they are not limited to point-to-point measurement. The majority of oxygen optical
sensors are based on the collisional quenching of the excited state of a luminescent

indicator dye by oxygen [39, 80-82].

The most commonly utilised indicators used for oxygen sensing are ruthenium
complexes, porphyrin complexes, iridium (lll) complexes, osmium and rhenium
complexes and lanthanide complexes. The luminescent dyes such as ruthenium
polypyridyl complexes and palladium/platinum have been attractive in the field of
oxygen sensing due to their tuneable spectroscopic and chemical modification [83],
high quenching efficiency, photo-stability, long lifetimes, solubility in the polymer matrix

and ability to be excited by low-price sources such as an LED or diode laser [84].
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Among all of the luminescence oxygen nanosensors reported in literature, the probes
that utilise the principle of detection by the quenching of oxygen show great promise
as, firstly, they can be fabricated to be non-invasive and sensitive to oxygen [39], and
secondly, they exhibit high spatial and temporal resolution that can be obtained when
imaged with optical microscopy [85]. The concept of quenching involves a dynamic
collision between the molecular oxygen and the (triplet) excited electronic state of
oxygen sensing probes, Figure 1-10 [40]. This is interaction considered as photo-

physical and not a photo-chemical process [47].

Investigations have been carried out to challenge oxygen sensors to test their
reversibility response which is crucial for monitoring of cell kinetic of oxygen depletion
and cell recovery [86-89]. Studies have been conducted by exposing intracellular
sensors to oxygenated and deoxygenated environment by controlling oxygen
concentration, these studies have been shown a reversible response of deoxygenated

and oxygenated cellular environment, Figure 1-11.

Emission

Hypoxia

Polymeric
matrix

Figure 1-10: Luminescence of indicator dyes quenching by oxygen.
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Figure 1-11: Reversible response of oxygen nanosensors to deoxygenated air by nitrogen gas
and oxygenated air by oxygen. X axis (time of response), Y axis (ratio measurement of
indicator dye porphine (PtTFPP) / Coumarin 6 (C6) ) [90].

With regard to the correlation between the concentration of oxygen [Oz] and intensity

(or decay time), it can be explained by the Stern-Volmer equation:

Fo/F =to/t = 1 + Ksv [OZ]

In this equation, Fo and F are the fluorescence (luminescence) intensities of a probe
in the absence and presence of oxygen, respectively; Ksv is the Stern—Volmer
constant, which is a constant of the lifetime of the probe and the (polymeric) solvent,
and [O] is the concentration of oxygen in the sample. The dissolved oxygen [Oz] may

be replaced by the partial pressure of oxygen (pO2).

A sensor limit of detection (LOD) can be determined by the Stern-Volmer constant.
The LOD can be derived from the initial slope (Ksv) of the quenching plot and by the

resolution of the instrument.
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Fluorescent nanosensors have lower Ksv values in comparison with
phosphorescence-based nanosensors, and therefore they have higher LODs [91].
Therefore, phosphorescence probes with long lifetimes are required, in order to obtain
sensitive measurements at low oxygen concentrations. In this regard, Wang et al.
mentioned numerous oxygen sensing dyes in their review [91]. Comparing Ksv
between fluorescence polycyclic aromatic hydrocarbons (PAHs) dyes with metal—
ligand complexes dyes, data has been found that shows the enhancement of
sensitivity metal-ligand complex dyes, data has shown the enhancement of sensitivity
with metal-ligand complexes due to phosphorescence properties. That was specifically
revealed with metalloporphyrin which exhibits a sensitivity of Ksy equal to

approximately 83% [92].

Metal-Ligand complex dyes

Luminescent oxygen-sensing probes are classified into four groups: 1) organic sensing
probes (mainly polycyclic aromatic hydrocarbons and fullerenes), 2) metal-ligand
complexes (transition metal-ligand complexes and metalloporphyrins), 3) intrinsically
luminescent nanomaterials [91], 4) multiple emitters and related species [93], Figure

1-12.
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Figure 1-12: Classification of oxygen nano-sensing probes.

Metal-ligand complex probes, Figure 1-13 A, are considered to be one of the most
relevant probes for sensing of oxygen. They have the advantages of long decay times
and thus a long-lived excited state, which makes collisional quenching by oxygen
statistically efficient, they also exhibit large Stokes shifts which enhance their

photostablity.

Their structure can be modified to some extent to adjust their chemical and
spectroscopic properties, as well as to be capable of conjugation for biomedical
applications. A useful example of oxygen sensing dyes are platinum Pt- and palladium
Pd porphyrin Figure 1-13 B which have been extensively applied to optical oxygen

measurement [15].
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Generally, porphyrins have strong absorptions bands between 390 and 420 nm (Soret
bands). Therefore, the indicator gives a strong brightness when photoexcited via this
band in the visible regions (400-550 nm), and bright, well-resolved emissions via the
630—700 nm regions, Figure 1-13 C [94]. Intensity signals from the fluorophore-based
sensor can be affected by many factors including dye concentration, optical properties
of the sample or photo-bleaching. Therefore, stable and precise calibration is difficult
to achieve. To overcome this issue, use of an oxygen insensitive reference and
ratiometric measurements are applied to compensate factors that might influence

these instabilities [95].
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Figure 1-13: A) Chemical structure backbone of major oxygen sensing probes (tetraphenyl
pyrol) based on metallo-porphyrin. B) 5,10,15,20 tetrakis pentafluorophenyl
porphyrinatoplatinum (Pt TFPP). C) The spectrum of absorption and emission of porphyrin.

In addition to Pt and Pd porphyrins, there are other metal centres incorporated into
porphyrin compounds and used for biomedical applications. For example zinc for
generating reactive oxygen species in photodynamic therapy [96]. Interestingly, it has
been shown that metal free-forms of porphyrins are strongly quenched by oxygen. This
distinction of oxygen quenching is further exemplified in studies using
tetraphenylporphyrin which have show oxygen quenched fluorescence reduced by
60%. However, it has been reported that its utilisation for sensing oxygen is limited

due to inadequate photo-stability [91].
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No doubt that metalloporphyrin probes have been used successfully for measuring
oxygen intracellularly [94] and extracellularly using cell cultures, and were shown to be
suitable for many conventional imaging techniques. Furthermore, modifying the
structure was shown to result in the enhancement of their solubility in aqueous
biological environments [45]. Such modifications could be achieved by introducing
either positive or negative charged moieties by introducing the charged functional
group to improve water solubility such as a single carboxylic group for selective

conjugation in mild biocompatible conditions [45, 87].

Although extensive research has been carried out on the development of oxygen
nanosensors for improving sensing properties and targeting specific measurement
purposes [97-99], there is a lack of research into how the nanosensors are trafficked
within cells and the effects of surface-conjugated sensing species of measurement

response and intracellular fate.

1.4 Application of nanosensors in biological system

1.4.1 Application of nanosensors in immune system

The immune system exerts a fundamental mechanism in protecting the body from the
continuous exposure to pathogens. It is composed of a group of different cells that
originate, develop and mature from bone marrow and the thymus. These cells produce
molecules, such as cytokines and antibodies, which have a principal role in the
immune defence system [100]. The immune system works via two main concepts in

protecting the body, relying on the activities of the involved cells: innate immunity and
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adaptive immunity. Both innate and adaptive immune responses work synergistically

to eradicate external stimuli [101].

Interaction of nanoparticles with the immune system can cause its suppression or its
overstimulation, and therefore investigations are required to be conducted before
using nanoparticles in biological systems [102]. Additionally, macrophage phenotypes
can be reversed by reprogramming the polarised macrophage [103]. Thus,
macrophage reprogramming plays a crucial role in maintaining immune system
homeostasis. Further, macrophage reprogramming explains immune pathways for
evaluating the mechanism and treatment of disease [104]. Polarised macrophage
status is usually characterised using multiple approaches. These methods include
guantification of cell surface markers, transcription factors and cytokines, often using
flow cytometry. The method of characterisation was developed to be rapid and does
not require a large number of cells using a fast imaging-based approach, which

distinguishes cell size and morphology using a fluorescence microscope [105].

Nanoparticles are often used intracellularly for cell imaging and tracking of organelles
or for therapeutic delivery purposes, but there are inadequate studies for cell tracking
and assessment of its phenotype status and metabolic functionality [106]. Interestingly,
immune responses are dynamic reactions, and to check the overall reactions,
evaluation of cell responses at different times are needed [107]. Indeed, dynamic
monitoring of biomarkers has been investigated and controlled using nanosensors
interacting with the immune system [108], which can produce answers for important

research questions seeking to understand receptor-mediated pathways [109].
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It has been proven that nanosensors are actively phagocytosed by macrophages
[110]. This provides opportunities for real-time monitoring inside and outside the cells
due to different features between phenotypic metabolic modulation [105]. It is
important to note that measurement of acidification and respiration are powerful for
assessing glycolysis and oxidative phosphorylation [111, 112]. Additionally,
abnormality in oxygen and pH concentrations could be a sign of a disease state or

inflammation [113].

1.4.2 Monitoring of respiration in cancer model

It is understood that cancer cells maintain their metabolism by reprograming strategies
to meet their energetic needs [114]. Cancer cells have their own metabolic features.
That means cancer cells take up the glucose and glutamine at a high degree for
aerobic glycolysis [115]. It is well known that mitochondria play a key role in energy
metabolism and regulation of the cell cycle and have a powerful function of producing
ATP through oxidative phosphorylation [116]. In addition, mitochondria play a role in
macromolecule metabolism, e.g. lipid, protein DNA and RNA, by producing metabolic
precursors and by-products, such as reactive oxygen species and ammonia [117].
Indeed, mitochondria are dynamic and because of this, they have a powerful role in
cellular communication through signalling pathways and contact with other organelles,
such as endoplasmic reticulum, lysosomes and nucleolus [118]. Therefore, it is well
understood that mitochondria coordinate responses and signalling pathways to cellular
stressors, e.g. oxidative stress, decrease in cellular nutrients and genetic alteration

[117].
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Mitochondria are composed of an inner mitochondrial membrane (IMM) and an outer
mitochondrial membrane (OMM). The OMM has pores to diffuse large molecules
through [119], whereas IMM is a tight membrane for diffusing ions and small
molecules. In the inner membrane, oxidative phosphorylation takes place in protein
complexes that create an electrochemical gradient across the membrane [120]. The
electron transport chain (ETC) is composed of five types of transmembrane protein

complexes (I — V).
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Figure 1-14: Mitochondrial inner membrane complexes structure, generation of electron leaks
and proton leaks in the electron transport chain, adapted from Lin Li et al. [121].
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The electron and proton gradients across the inner mitochondrial membrane are used
in the synthesis of ATP in the oxidative phosphorylation process [122]. This process
takes place through a sequence of acceptor cytochromes. Oxygen is the final electron
acceptor, resulting in the production of water; this process is catalysed by cytochrome
c oxidase (COX) (complex V) [119]. Respiration is considered an important parameter
in vitro to study compound toxicity, which is one of the major challenges facing the
pharmaceutical industry [123]. For the dynamic determination of a cell response to a
drug, several assays are conducted to test compounds in vitro in cell culture [124,
125]. Studies in the literature reported that approach which relies on the light
guenching of nanosensors could be applied by obtaining an intensity readout from
different instrumentation, such as a fluorimeter and plate reader [126]. Nonetheless,
hypoxia imaging provides oxygen concentration, cell morphology, biological insights
and dynamic pathways [127, 128]. Hypoxia imaging is a very useful technology for

cellular mapping [129].
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1.5 Thesis outline

As described in the preface, the focus of this work is the development of fluorescent

ratiometric oxygen nanosensors for intracellular measurements using an immune cells

and cancer spheroids as models. Additionally, the research will enhance a knowledge

of oxygen nanosensors and their behaviour. Moreover, tracking cellular fate of oxygen

nanosensors in comparison to pH nanosensors.

Aims and objectives:

1-

Optimise oxygen nanosensor response by the selection of fluorophores for
ratiometric measurement and conjugating indicator dye (Pt porphyrin) to the
surface of polyacrylamide nanoparticle and incorporating reference dye
(TAMRA) into nanoparticles, enabling nhanosensors to accurately sense micro-
environmental oxygen.

Calibration of oxygen nanosensors intracellularly using THP-1 differentiated
macrophage using imaging microscopy techniques, as well as monitoring
oxygen concentration changes using pharmacological compounds (oxygen
modulators).

Investigate effect of oxygen nanosensors on macrophage phenotypic
modulation to M1 or M2 phenotypes. This is to compare the presence of Pt
porphyrin conjugated to the nanoparticle surface with the positively charged pH
Nanosensors.

Determine oxygen nanosensors intracellular localisation with regards to
lysosomes and mitochondria and compare with cellular uptake of pH

nanosensors.
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5- Utilise oxygen nanosensors in HepG2 cells and monitor metabolic activity when
stressed by insults that disturb electron transport chain (ETC) and consequently
change oxygen distribution and link this with biological activity of early apoptosis

and necrosis.

The following contents of this thesis attempt to build on research in the nanosensors

field to influence their use for real time diagnostic tools of disease state.

Chapter 1: Introduction describes the research development of nanosensors as an
advanced tool to explore physiological activity. Consideration of the parameters is
required to affect the overall measurement such as nanosensor fabrication, selection
of indicators, dye concentrations and loading to the nanoparticles and tracking cellular
location. Satisfactory optimisation of these factors could result in successful biological

measurements and a better understanding of cellular activity.

Thus, the overall aim of this thesis is to develop oxygen nanosensors for biological
research and use analytical techniques such as fluorescence microscopy for
ratiometric measurements, with the motive of using of oxygen nanosensors as a tool

for the rational study of drug metabolic mechanism and disease progression.

Chapter 2 includes general materials and methods, methodology used making
nanosensors, as well as the conditions for cell culture. There is also discussion of the
microscopy parameters and methodologies used for calibration and image analysis.
While Chapter 3 elucidates the preparation of nanosensors, including optimisation of
fluorophores (Pt porphyrin) and (TAMRA) to achieve measurement of oxygen. The

nanosensors were characterised in terms of dynamic range, optical activity, size and

35



physical characteristics using a range analytical approaches. Further, oxygen
nanosensors were calibrated in fixed cells under controlled oxygen conditions, with

measurement performed using a fluorescent microscope.

In Chapter 4, oxygen nanosensors were investigated with respect to phenotype
modulation in macrophage cells. Sensitivity was studied in fixed and live cells by using
enzymatic reaction and oxygen modulators, respectively. In Chapter 5, tracking of
oxygen nanosensors is performed using super-resolution microscopy. In addition,
fluorescence microscopy-based oxygen mapping demonstrate the end point
measurement of oxygen in 2D and 3D hepatic cells exposed to different conditions.
The conclusions are summarised for each chapter in Chapter 6. In Chapter 7, the

references and appendices of the work in this thesis are presented.
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Chapter 2 . Materials and Methods

2.1 Materials Polyacrylamide nanosensors

(Acrylamide, N,N methylene bisacrylamide) monomers, N-(3
Aminopropyl)methacrylamide hydrochloride (APMA), (3-acrylamidopropyl)
trimethylammonium (ACTA), hexane and absolute ethanol (analytical grade) were
obtained from Fisher Scientific, Ammonium persulfate (APS), N,N,N,N tetra methyl
ethylene diamine (TEMED) (initiator), Polyoxyethylene (4) lauryl ether (Brij30®) and
dioctyl sulfosuccinate sodium (AOT) (surfactants). Sodium borate decahydrate,

glucose (Glu) and glucose oxidase (GO) were obtained from Sigma Aldrich.

Fluorophores: Fluorophores 5- and 6-carboxyfluorescein succinimidyl ester (FAM-
SE), Oregon Green® 488 carboxylic acid acid succinimidyl ester (OG-ES) and 5- and
6-carboxytetramethylrhodamine succinimidyl ester (TAMRA-SE) were purchased from
Invetrogen™. Porphyrin dye, (Figure 2-1) was donated by Dr Francesca Giuntini from

Liverpool University.

Gases: 02 (99.99%, extra dry grade), argon (99.99%, extra dry grade)
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Figure 2-1: Structure of 5,10,15,20 tetrakis pentafluorophenyl porphyrinatoplatinum (Pt TFPP)
[45].

Instruments: Centrifuge (Hermle z300), rotary evaporator (Buchi Rotavapor R-200).
Fluorescence spectrophotometer (Cary Eclipse Agilent, UK). Ocean Optics NeoFox
(NFB0181). Fluorescence microscope: Nikon Eclipse TS100 Fluorescence Inverted
Microscope. Transmission electron microscopy (TEM) (FEI Technai 12, Biotwin). Field
emission gun electron microscopy (FEG-SEM), numerical aperture (NA) (20x and

40x), (JEOL 7100F, UK). Fluorescence plate reader (TECAN® SPARK 10M).
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2.1.1 Cell culture
THP-1 cell line (with passage number in the range of 3-20) and HepG5 hepatic cells

were purchased from American Type Culture Collection (ATCC).

Medium of THP-1 cells: RPMI medium 1640, foetal bovine serum,
penicillin/streptomycin solution, HEPES buffer and sodium pyruvate were purchased

from Sigma Aldrich. Glutamax® solution was purchased from Gibco.

Medium of Hepatic cells (HepaG2 cell line): Williams’ medium E with Glutamax |
was supplemented with 10% foetal bovine serum, 100 IU/mL penicillin, 100 pg/mL

streptomycin, 5 pug/mL bovine insulin and 50 uM hydrocortisone hemisuccinate.

Plates: Ibid 8-well plates were purchased from Thistle Scientific. 24 well black- glass

bottom plate obtained from Greiner.

Alexa Fluor® 488 Anti-CD68 antibody was purchased from Abcam. Mouse anti-human
27E10 primary antibody from Thermo Scientific, rabbit anti-human CD206 primary
antibody Abcam. Secondary antibody Rhodamine-X goat anti-mouse IgG (H+L) for
mouse 27E10 primary antibody. Alexa Fluor® 488 goat anti-rabbit IgG (H+L) for rabbit
anti-CD206 primary antibody from Thermo Scientific. 4,6 Diamidine-2’-phenylindole
dihydrochloride (DABI) from Thermo Scientific. TrypLE from Gibco. Goat serum,
Trypan blue and Paraformaldehyde (PFA) 4% from Sigma Aldrich. Cell light®
lysotracker® was obtained from Invitrogen, phosphate buffered saline (PBS) from
Sigma. Human TNF-a ELISA Duoset® DY210-05, Human IL-10 ELISA Duoset®

DY2107B.

For metabolic activity: Alamar Blue® assay (Invitrogen DAL1025).
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Insults (pharmacological compounds): Antimycin and Bafilomycin (Sigma Aldrich),
Acetaminophen BioXtra (A7085) and Methotrexate hydrate powder, BioReagent

(M8407).

Cell viability: Toxilight® cytotoxic Bioassay Kit by Lonza Bioscience
Apoptosis assay: Annexin V-Biotin Assay Kit eBioscience™
Spheroid preparation: Aggrewell™400 (StemCell Technologies) plates

Cell co-localisation study: Cell light lysosomes — GFP (Invitrogen), cell light

mitochondria — GFP (Invitrogen).
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2.2 Methods

2.2.1 Preparation of polyacrylamide nanoparticles and conjugation to
sensing indicators

The polyacrylamide nanoparticle preparation method used was classified as reverse
micro-emulsion polymerization, Figure 2-2. Hexane solvent was deoxygenated by
purging a flask with argon for 30 min. In another 100 ml round-bottom flask, 1.59 g of
AOT was weighed; 3.08 g of Brij30® was then added and the flask placed on a
magnetic stirrer. The flask was sealed with a rubber bung. Argon was then added to
the flask through a needle connected to an argon line, while another outlet needle was

used to remove gas.

‘%NHZ

o]

'y

+ Ammonium
persulphate

Porphyrin + *
. = Reference dye (TAMRA)

Figure 2-2: Polyacrylamide nanoparticle synthesis scheme. 1) Acrylamide 2) N,N
methylenebis (acrylamide) 3) N-(3-aminopropyl) methacrylamide (APMA) 4) (3-
acryamidopropyl) trimethylammonium (ACTA).
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The monomer solution was prepared by weighing 540 mg of acrylamide and 160 mg
of N, N methylene bisacrylamide into a 20 mL glass vial. The mixture was dissolved in
1.5 mL of water by sonication, for the synthesis of ratiometric oxygen nanosensors, 90
ML of TAMRA fluorophore was added to the solution. After that, 42 mL of deoxygenated
hexane was added to the mixture of surfactants, and argon was then allowed to purge
for 5 minutes, during which a balloon was attached to the outlet needle to maintain an
inert environment. The needle connected to the argon line was removed after the
balloon was inflated. The monomer solution with fluorophore was added to the oil
system using a syringe and needle after which the mixture was left for 10 minutes to

allow a micro-emulsion to form.

To initiate polymerization in the same flask, 100 mg of APS was weighed and then
dissolved in 1 mL of deionized water to form 10% w/v. solution. The balloon was
removed, and 30 pL of APS (10% w/v) and 15 puL of TEMED were quickly added to
the flask. The flask was then resealed, and the inlet was reattached to the argon line
for 5 minutes until the balloon was inflated again. The reaction was left for two hours

to allow the process of polymerization to take place, Figure 2-3.
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Figure 2-3: A) Round bottom flasks with nanosensors during polymerisation. The flask covered
by aluminium foil to avoid photo-degradation of fluorophores. Balloons filled were filled with
argon to complete the polymerisation reaction on deoxygenated environment. B) Rotary
evaporator of remaining solvent after final wash of nanoparticles produces a dry powder.

Once finished, the stopper was removed, and the hexane was evaporated using rotary
evaporation at room temperature until the solution became viscous and cloudy. The
viscous solution was reconstituted in 30 mL ethanol, and the solution was poured into
a falcon tube and centrifuged at 6000 relative centrifugal force (rcf). The supernatant
was discarded, and the pellet was re-suspended in ethanol and centrifuged again at
6000 rcf (g). Washing was repeated five times to ensure purification from surfactants.
In the final wash, the pellets were re-suspended in 10 mL ethanol and then evaporated
using rotatory evaporation. The dry solid was collected in a light-protected vial and

then sealed and stored at -20°C.
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To prepare the oxygen nanosensors, 100 mg of polyacrylamide nanoparticles
containing TAMRA were weighed and mixed with 4 mg Pt porphyrin in 5 mL of
deionized water. The suspension was sonicated until dissolved and then left on the
stirrer overnight to complete the reaction. The purification step, was performed to
remove unconjugated Pt porphyrin from the nanosensors. Dried washed samples were

stored at 4°C.

2.2.2. Nanosensor characterisation
2.2.2.1. Patrticle size and zeta potential

The nanoparticle size was determined using dynamic light scattering (DLS) (Zetasizer
nano Zs, Malvern Instruments Ltd., UK) for the mean diameter (d.nm) and
polydispersity index (PDI). The analysis was performed at a temperature of 25°C. All
samples were diluted for these measurements. The results were recorded after 13
runs for Zetasizer. Surface charge measurements were taken using Zetasizer nano Zs
(Malvern Instruments Ltd., UK). Polyacrylamide nanosensors of 0.5 mg/mL were

suspended in de-ionised water and loaded into the disposable capillary cells.

2.2.2.2. Fluorescence response
Fluorescence intensities were measured by fluorescence spectrophotometer (Cary
Eclipse Agilent, UK) for metalloporphyrin (excitation max. 405 nm, emission max. 650
nm) and TAMRA (excitation max. 400 nm, emission max. 590 nm). Phosphorescence
was evaluated by taking a 1 mg/mL dilution of nanosensors in water and purging the
suspension with Oz for increased Oz concentration, followed by purging with argon for
decreased O2 concentration, using oxygen and argon gas, respectively. The
phosphorescence of metalloporphyrin in response to the change in oxygen

concentration was measured by fluorimeter. Known oxygen concentrations were
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determined using an Ocean Optics NeoFox (NFB0181) phosphorescence-based

optical sensor probe and recorded.

2.2.2.3. Field emission gun scanning electron microscope (FEG-SEM)
A polyacrylamide nanoparticle suspension of 0.5mg/mL was diluted in water, and 10
ML of the suspension was distributed on a stub and dried overnight. The suspension
was placed on metal, sticky with carbon to render it conductive. Then, the stub was
introduced to the field emission gun scanning electron microscope (FEG-SEM), (JEOL
7100F, UK) at the Nanoscale and Microscale Research Centre (NMRC) (Nottingham

university).

2.2.2.4. Evaluation of oxygen nanosensors’ sensitivity in response to oxygen
depletion

A 1 mg/mL oxygen nanosensor suspension was mixed with 6 mM glucose and
1 mg/mL glucose oxidase in a sealed quartz cuvette. The fluorescence intensity was
measured using a fluorescence spectrophotometer. In parallel experimental condition
in a beaker, the pH was monitored using a pH meter (Jenway model 3510) during the
experiment. This was performed to ensure the selectivity of Pt porphyrin for oxygen
and monitor formation of gluconic acid as a result of glucose and glucose oxidase

reaction.
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2.3 Cell culture

2.3.1 Differentiation of THP-1 to macrophage

THP-1 cells were differentiated into macrophages by incubating them with Phorbol-12-
myristate acetate (PMA). Two thousands cells were seeded in an Ibidi 8-well plate with

50 ng/mL of PMA-containing medium for 6 hours [130].

2.3.2 Characterisation of M1 and M2 phenotypes

2.3.2.1 Immunostaining

For immunostaining, THP- 1 cell were differentiated as described above in section
2.3.1. Then, the cells were washed with PBS and fixed using 4% PFA for 10 minutes.
The cells were incubated for 30 minutes with 1% (bovine serum albumin) BSA as a
blocking agent. The cells were then incubated overnight with CD68 antibodies at 4°C.

Then, microscopy was used for imaging in the ZOE™ fluorescent cell imager.

2.3.2.2 Characterisation of polarised macrophages to M1 and M2 phenotypes

Characterisation was conducted by immunostaining naive THP-1 differentiated
macrophages, which were seeded with a mixture of 50ng/mL GM-CSF, 20ng/mL IFN-
y or 100ng/mL LPS for M1 polarisation or a mixture of 50ng/mL M-CSF or 20 ng/mL
IL-4 for M2 polarisation. Usually, MO macrophages are exposed to a mixture of
cytokines for up to 72 hours. The polarised macrophages were stained with antibodies,
calprotectin and mannose surface marker receptors, which have been associated with
M1 and M2 cells, respectively [105, 131]. The cells were imaged using ZOE™
fluorescent cell imager at red channel (excitation: 556/20 nm, emission: 615/61 nm)
and green channel (excitation: 480/17 nm, emission: 517/23 nm) for calprotectin and
mannose receptors, respectively. The second method of characterisation was by

ELISA. The supernatants of M1 and M2 polarised macrophages were collected, and
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the ELISA technique was conducted to quantify TNF-y and IL-10 cytokine production
according to the manufacturer’s instructions.

2.3.2.3 Calibration of oxygen nanosensors using THP-1 differentiated macrophage
The previously described method in section 2.3.1 for differentiation of THP-1 to
macrophage was used. Differentiated macrophages were treated with 100 pg/mL of
oxygen nanosensors for 24 hours. Treated cells were washed with PBS three times
then fixed with 4% PFA for 15 minutes, followed by permeabilising cell membrane by

Triton X 10 (0.5% v/v).

Finally, to calibrate oxygen nanosesnors using the microscope, the cells were placed
in an ibidi chamber coupled with a fluorescence microscope. This Ibidi chamber was
supplied with oxygen, nitrogen and carbon dioxide gases. The percentage of oxygen
was controlled using the Ibidi gas controller, and the cells were imaged at each oxygen

concentration.

The fluorescent images of the cells were collected and processed using Image J which
will be explained in section 2.4. Figure 2-4 is a schematic of the process from cell

differentiation to image analysis.
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2.3.2.4 Impact of nanosensors on macrophages

Nanosensors impact on macrophage modulation was investigated by collecting the
supernatants of naive THP-1 differentiated macrophages, which were treated with
oxygen and pH nanosensors with 100 ng/mL LPS as a positive control. Cytokine
production was quantified using Dueset® ELISA kit for pro-inflammatory and anti-
inflammatory phenotypes, TNF-y and IL-10, respectively. The protocol was applied as
instructed by manufacturer.

2.3.2.5 Stability monitoring of ratiometric fluorescence intensity

A stability test of the nanosensor emission was performed by monitoring the
intracellular fluorescence intensity in fixed cells over one week. Macrophage cells after
differentiation by PMA as prescribed in (Section 2.3.1); they were treated with
100 pg/mL of nanosensors overnight. The cells were then washed with PBS three

times and fixed with 4% v/v PFA for 15 minutes. The cells’ fluorescence was monitored
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by a plate reader over one week. The fixed cells were preserved at 4°C for 7 days for

each experiment.

2.3.2.6 2',7'-dichlorodihydrofluorescein diacetate (H.DCFDA) assay for detecting
ROS

The following protocol was provided by the Invitrogen Company and modified to fit the
experimental conditions. The experiment was conducted on THP-1 differentiated
macrophages, so the cells adhered tightly to the plate. Macrophages were treated with

nanosensors overnight. Then, the cells were washed with PBS three times.

Briefly, H.DCFDA was dissolved in DMSO to make a stock solution of 2 mM shortly
before use. Then, the growth medium was removed from culture plate and attached
cells were re-suspended in pre-warmed medium without phenol red. H.DCFDA was
added to the medium at a final concentration of 5 UM as a probe. The plate cells of
cells containing H2DCFDA probe were then incubated at 37°C for 1 hour. Finally, the
cells were imaged using fluorescence microscopy of green channel (excitation 495/

emission 527 nm). Image intensities were processed and analysed using Image J.
2.3.2.7 Modulation of oxygen and pH concentration in macrophage cells

THP-1 were seeded at density of 20 x 10%/cm?3 in 8-well plate in each well and treated
with PMA for 24 hours. After that, the cells were washed and kept in fresh media for 6
hours. For 24 hours, the cells were exposed to 100 pg/mL oxygen nanosensors. In the
final step cells were washed with PBS three times then treated with bafilomycin at
concentrations 0.25 uM and 10 pM of antimycin for 30 minutes. Untreated macrophage

cells were used as a control. Cells were imaged using Nikon wide field microscope.
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For modulation of pH, the macrophage cells were prepared as the steps mentioned
above. Then cells were treated with 50 pg/mL of pH nanosensors for 24 hours. Then

cells were imaged by the same manner.

2.3.3 Hepatic cells (HepaG2 cell line)

Terminally differentiated hepatic cells, HepaG2™ (ThermoFisher), were maintained by
continuous passaging.

2.3.3.1 Viability assay using Toxilight® Kit

HepaG2 cell density of 250 x102 were seeded on a 24-well plate, with concentrations
of oxygen nanosensors ranging from 50-1000 pg/mL overnight. Non-treated cells with
oxygen nanosensors were considered as a control. Then, the cells were washed with
1000 pL PBS three times and lysed with lysis buffer, according to the protocol of the
assay kit. All reagents were brought up to room temperature before use. Then, 20 pL
of cell supernatant was transferred to a luminescence-compatible 96-well plate, and
100 pL of Adenylate kinase detection reagent (AKDR) were added to each well and
left for 5 minutes. Finally, the plate was placed in a plate reader (TECAN® SPARK
10M) to initiate recording of luminescence signal of Adenylate kinase.

2.3.3.2 Respiration assay (ratiometric imaging of hypoxia)

HepG2 cells (9—15 passages), were seeded on a 24-well plate at 51 x 103cells/cm?
per well and allowed to adhere overnight. After that, the cells were treated with
100 pg/mL oxygen nanosensors for 24 hours. The treated cells were washed with PBS

three times and then treated with 1, 5 or 25 mM acetaminophen for 24 hours.
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The same experimental setup was used with 5 mM propranolol, 5 uM antimycin and
250 uM methotrexate for 24-hour treatments. Finally, the cells were imaged with a
fluorescence microscope using 20x magnification, 0.4 numerical aperture NA (air

objective). Images were processed and analysed by Image J.

Apoptosis assay: The apoptosis assay was carried out for the cells treated with
pharmacological compounds which are mentioned in previous (section 2.3.3.2). Cells
were exposed to pharmacological compounds for 24 hours. After that, the cells were
detached from the plate using 100 pL of Tryple E for 5 minutes. Cell suspensions were

collected in 500 pL tubes.

The cell suspensions were then mixed with annexin V/ propidium iodide reagents, as
explained in a manufacturer protocol. Finally, data was recorded using a flow
cytometer and analysed using Kaluza software. The concept of interpreting the result

is based on distribution of cells within the dot plot as in Figure 2-5.
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Figure 2-5:Schematic representation of cellular distribution of healthy, apoptotic and necrotic
cells in dot plot analysis using Annexin /Pl kit [132].
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2.3.3.3 Use of imaging flow cytometer platform to test changes in oxygen
intracellularly

HepaG2 cells were prepared, as mentioned in section 2.3.3.2, and treated with oxygen
nanosensors. Then, cells were treated with the same prescribed pharmacological
compounds. After that, cells were detached from the plate for 5 minutes using 100 pL
of TrypleE after two time points: 1 and 24 hours. The cell suspension was collected in
1000 pL eppendorf. Finally, cells were imaged using image stream (ImageStreamX

MKkIl, UK) and IDIEA software used for data analysis.

2.3.4 Influence of O2/pH flux in 3D hepatic cancer cell models measured
using fluorescent nanosensors

The study of 3D hepatic cancer cells was performed by preparing spheroids from

HepG: cells.

Spheroid preparation: At confluence, HepaG2™ were harvested with TrypLE
Express and seeded into Aggrewell™400 (StemCell Technologies) plates at a density
of 1.2 x 10° cells per well. Following the manufacturer’s protocol, the plate was
centrifuged at 100 g for 3 min, followed by incubation at 37°C with 5% CO2 for 96 h,

Figure 2-6.

Spheroid + O, nanosensor  Spheroid + pH nanosensor

Figure 2-6: HepaG: cells seeded in Aggrewell ™ plates. A) Control spheroid. B) Spheroid pre-
treated with Oz nanosensor. C) Spheroid pre-treated with a pH nanosensor.
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2.3.5 Intracellular fate of nanosensors
Intracellular fate measured with lysotracker®: To label cells with CellLight® specific
to lysosome, they were incubated with growth medium containing lysotracker® at

concentrations of 10 and 50 patrticles per cell (PPC)/mL.
The desired concentration was calculated based on the following formula:

Volume of CellLight® = Number of cells x desired PPC
Reagent (mL) 1 x 108 CellLight® particles/mL.

Then, the cells were incubated overnight, washed with PBS three times and fixed with

4% v/v PFA. Nucleus was stained with DAPI for 5 minutes.

The cells were imaged using a super-resolution microscope (ELYRA PS.1 super

resolution system from a Zeiss 780), water immersion lens 63x magnification/1.2 NA.

Intracellular fate measured with mitochondria: The same method used with
CellLight® lysosomes was applied to label mitochondria using CellLight® specific to

mitochondria.

2.4 Development and optimization methodology for ratiometric
measurements

The methodology of ratiometric measurements were conducted using fluorescence
imaging technigues where the data of intensities was processed from images obtained
from wide field microscopy. The methodology tool used to analyse the data was Image
J software. In this section, the schematic methodology of image analysis will be

explained in detail.
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2.4.1 Methodology of image analysis

Image analysis relied on extrapolating the intensities of nanosensors from images,
considering that porphyrin intensities changed with oxygen concentrations and that
TAMRA intensities remained constant. For pH nanosensors, OG and FAM intensities

were changed with pH and TAMRA remained constant.

A chart in Figure 2-7 explains the order of steps used to calibrate oxygen nanosensors
in images taken using Nikon Microscope. The steps presented in Figure 2-7 A describe
how to deal with raw data in ImageJ software. In the first step, the data was opened in
image J software and split in the brightfield green and red channels. Step two states
that it is important to remove pixels not related to the real signal. The third step is to
mask the signal. Then, ratiometric measurements are taken by dividing porphyrin
intensity by TAMRA intensity. The final step is to fit the intensity to the Stern-Volmer
equation, which uses the known oxygen concentration to calculate the intensity from
experimental images. This equation, which is specifically used to calculate oxygen
concentrations, is described in Chapter 1. Figure 2-7 B shows a schematic method
used to represent oxygen distribution intracellularly. Oxygen distribution or mapping
was conducted after calculating the ratio intensities from indicator dye and reference
dye and generating the resulted Look up table (LUT) image with multicolour. The
important step here is to apply the calibration in calibrate plugins in the software and
extract image with calibration bar within calibrated range. Macros of Image J analysis

were explained in Figure 2-8.
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Figure 2-7: A) Schematic representation of image analysis for oxygen nanosensor calibration.
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Figure 2-7: B) Schematic representation of intracellular oxygen heat mapping.
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Figure 2-8: Fiji Code and algorithm of used for image analysis to provide a measurement
a histogram of nanosensors intracellularly.
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2.4.2 Methodology for analysing co-localisation of nanosensors with
lysosome and mitochondria

The co-localisation of pH and oxygen nanosensors in the cells was determined by
staining lysosome and mitochondria with green CellLight®. To represent co-localisation
of pH nanosensors, TAMRA was encapsulated within polyacrylamide nanoparticles,
and OG and FAM were not used because of the interference of their colour with green
CellLight®. The co-localisation of oxygen nanosensors was represented by TAMRA

(red) and porphyrin (magenta), with mitochondria represented by CellLight® (green).

Both methodologies of co-localisation analysis using lysosomes and mitochondria
followed the same steps: raw data were opened by ImageJ, and background images
were removed. For co-localisation (Coloc 2), shown in ImageJ, channels of the colour
under study were chosen, region of interest (ROI), and the co-localisation was
measured using Pearson’s Correlation Coefficient (PCC), Figure 2-9. The association
of two colour variables was considered to be strong when R = 0.5-1, medium when R

= 0.3-0.5 and small when R< 0.3 [133].
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Figure 2-9: Calculation of Co-localisation Pearson’s coefficient from coloc2 in image J

2.5 Statistical analysis

The data was generated by multiple experiments to obtain the mean. To test the
significance data, one way and two way ANOVA were used depends on variables
used. It was performed by GraphPad Prism software. Additionally, comparison
between data set was based on P value. ANOVA test: the results of an ANOVA show
if there are statistical differences in the group means within a data set, but they do not
show which groups are statistically distinct. A set of multiple comparison tests, such
as Tukey's and Dunnett's multiple comparison tests, can be used to determine whether
groups are statistically distinct. Dunnett's test compares all means to a control mean,
whereas Tukey's multiple comparison test compares all means of all study groups to
one another. One-way ANOVA analysis and Dunnett's multi-comparison test were

carried out for the aim of this thesis.
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Chapter 3 .Design, synthesis and
characterisation of oxygen nanosensors

3.1 Introduction
The aim of this chapter is to develop optical oxygen nanosensors with optimised
conditions to make intracellular oxygen measurements. This was performed in three

stages:

e Synthesis of polyacrylamide nanopatrticles
e Optimisation of fluorophore conjugation

e Evaluation the sensitivity of oxygen nanosensors

To produce nanosensors for intracellular monitoring, there are two primary design
issues. Firstly, the sensor must have features that allow it to be taken up by cells.
Second, the sensor must have appropriate optical properties, such as fast response
time, high signal-to-noise ratio and sensitivity to gradient oxygen concentration. To
ensure accuracy, and be compatible with widely available fluorescence microscopes
it is preferred to use ratiometric measurements, which as described in Chapter 1
requires both indicator and reference dyes to be entrapped in the sensor matrix. This
can be achieved by optimising both the fluorophores and their conjugation to
nanoparticles. Design and optimisation of the fluorophores, and synthesis of the

sensors are critical considerations for optimisation and are addressed in this chapter.

3.1.1 Synthesis of oxygen nanosensors
As described in Chapter 1, dye loading or conjugation is crucial for nanosensor
efficiency. Covalent conjugation of fluorophores to polyacrylamide was investigated in
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this work with the aim of optimising nanosensor response in terms of brightness of

dyes and prevention of photo-bleaching.

The methods used in this study, were described in detail in Chapter 2. Nanosensors
were fabricated to perform ratiometric measurements by incorporating TAMRA dye

into nanoparticles and conjugating Pt porphyrin to the surface of nanoparticles.

3.1.1.1 Polyacrylamide nanosensors

Polyacrylamide is a common type of matrix used for nanopatrticle synthesis. It is inert,
hydrophilic, porous and inexpensive to produce with standard laboratory equipment
[134]. It is a hydrogel copolymer cross-linked to form a polymeric network, which is
produced by the reaction of two monomers. These NPs are synthetic polymers and
have a well-defined structure that can be modified to yield tailorable functionality. It is
synthesised by a method of free-radical cross-linking polymerisation of acrylamide and

N, N-methylene-bisacrylamide [66].

Furthermore, robust fabrication techniques for controlling the size, charge, and shape
of polyacrylamide nanoparticles are available [22]. It has been shown that a long
plasma circulation lifetime (~24 h) rendered them suitable as nano-devices medically

capable for imaging and photodynamic therapy [135].

Nanoparticles of 10-100 nm in diameter are considered to offer optimal tumour
accumulation as they avoid fast renal elimination and recognition by the immune

system (e.g., phagocytes) when applied in vivo [89].
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Polyacrylamide NPs have a wide variety of applications and have successfully been
used as nanosensors, for example measuring pH in vivo and in real-time [24], and
measuring dissolved oxygen in the physiological environment [15] as well as the

monitoring of glucose [66].

Chemical tailoring of polyacrylamide NPs has been shown to be an appropriate
method to increase their functionality. Amine functionalisation of polyacrylamide NPs
is achieved by introducing of N-(3-aminopropyl) methacrylamide (APMA) into the
polyacrylamide matrix. The amine group can be considered as a bridge to bond with
the fluorophores via a covalent bond. By covalently linking the fluorophores to the NP

matrix leaching is prevented [136].

Additionally, surface modification of polyacrylamide NPs can facilitate the intracellular
delivery of nanosensors by introducing nett positive charge to the NP which enables
then to cross cellular membranes. This has been demonstrated by incorporating the
monomer (3-acrylamidopropyl) trimethylammonium chloride (ACTA) into the polymeric
NP [22]. This results in a positive surface charge that is known to facilitate cellular
uptake via endocytosis. Accordingly, sensors with charged groups have been

functionalised as a method for controlling cellular delivery [45].

3.1.1.2 Porphyrin utilisation for measurement of intracellular oxygen

In the general introduction optical probes were described, particularly luminescence
probes that have extensive application in oxygen measurement. Oxygen sensing by

luminescence quenching is an analytically powerful tool [137]. Of the number of
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luminescence oxygen nanosensors reported in the literature, the probes that utilise the
principle of detection by quenching of oxygen show great promise because: (1) they
can be fabricated to be non-invasive to the sample and sensitive to oxygen [39] and
(2) high spatial and temporal resolution can be obtained when imaged with optical

microscopy [95].

As mentioned previously, an important advantage of this type of phosphorescent
probes is the spectroscopic and chemical properties that can be modified to some
extent via structural modifications. For example, biocompatible attachments of the
oxygen-sensitive probes to support materials of interest (polymers, fibres, etc.) would
need to be water soluble and provide covalent conjugation to the desired support.
Vasil’ev and Borisov fabricated water-soluble cationic complexes of Pt (1), Pd (Il) and
Rh(lll) porphyrins. The synthesised cationic metalloporphyrins were conjugated to an
(anionic) ion-exchange matrix to produce sensitive, stable and fast-responding sensor
films [37]. Some examples of porphyrins conjugated to nanoparticles are summarised

in Table 3.1.
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Table 3.1: Luminescent metalloporphyrin-based probes for oxygen, the polymer support used and the purpose of using oxygen nanosensors,

type of cells used in study, reference.

Type of porphyrin Materials (conjugated or encapsulated) Applications Type of cells used References
Pt-porphyrin Polylactic acid (PLA)nanoparticles, PLA For oxygen and L929 mouse fibroblast cell lines [87]
alginate nano-microparticles glucose biosensing
Pt-porphyrin Organically modified silicate (ormosil) Intracellular oxygen rat C6 glioma cells [80]
nanoparticles sensing

Platinum octaethylporphine ketone Poly(decyl methacrylate) (PDMA) Oxygen sensing Human plasma [138]
(PtOEPK)

Platinum(ll) octaethylporphine ketone or The ormosil PEBBLE Cellular respiration C6-glioma cells [139]
PtOEPK

Pd-tetra- (4-carboxyphenyl) Polyacrylamide (PAA) hydrogel Oxygen A549 human lung adenocarcinoma cells and [89]

tetrabenzoporphyrin dendrimer (G2) nanoparticles measurement C6 glioma cells
Pt(I1)-5,10,15,20-tetrakis-(2,3,4,5,6- Eudragit RL-100 Intracellular oxygen Mouse embryonic fibroblasts MEF cells, [140]
pentafl uorophenyl)-porphyrin Cortices from embryonic age (E)18 rat
embryos
Pt(Il)-tetrakis(pentafluorophenyl) Eudragit RL-100 Intracellular oxygen MEF cells [141]
porphyrin (PtPFPP)
Palladium meso-tetraphenylporphyrine Polystyrene nanoparticles Intracellular oxygen Murine alveolar macrophages [142]
Platinum(1l) octaethylporphine (PtOEP) polyfluorene derivatives poly(9,9- Oxygen sensing J774 A1 macrophages [95]

dihexylfluorene) (PDHF) and poly(9,9-
dioctyifluorene) (PFO)
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Ratiometric measurements require two emission bands: one sensitive to oxygen and
the other not. Ratiometric measurements allow the determination of concentration
while eliminating the effect of nanoparticle concentration, light fluctuations and cellular
location of the nanosensors [142]. Reference dyes need to be non-responsive oxygen,
and photostable [143]. The emission of the reference dye should not overlap with the
indicator dye emission and there should not be any energy transfer. Furthermore, both
dyes have to have the similar solubility to ensure their compatibility with the matrix;
this will prevent leaching from the matrix [138]. There are several dyes which have
been used as reference dyes — some of them are porphyrins [87] and others are
commercially available dyes such as TAMRA-SE [15]. Following our interest in using
oxygen nanosensors for biological applications, water-soluble Pt-porphyrin sensitive
oxygen was conjugated to the surface of polyacrylamide matrix and commercially

available TAMRA (reference dye) was incorporated into the matrix.

3.2 Nanosensor characterisation

Nanosensor characterisation involves optical and physical methods to determine the
nanosensor properties so that different batches of nanosensors can be compared.
Different instrumental techniques are utilised for optical characterization (fluorescence
response, brightness and stability). While Field Emission Gun-Scanning Electron
Microscope (FEG-SEM), Dynamic Light Scattering (DLS) and Zetasizer are used for
physical characteristics (size, charge and shape). All these characterisation methods

are discussed in the following sections.
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3.2.1 Dynamic light scattering

DLS is a technique used for measurement of a particle size. Its principle depends on
the amount of light (intensity) scattered by particles which move in a solution through
the effect of Brownian motion. Brownian motion is the random movement of particles
in a solution as a result of a collision with molecules in solvents that are moving due to

their thermal energy [144], Figure 3-1.

Therefore, when laser light interacts with the particles, light scatters in all directions,
leading to the fluctuation of light intensity. This fluctuation depends on the size of
particles in solution; larger particles cause the light to fluctuate more than the smaller

particles do.
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Figure 3-1: Schematic of dynamic light scattering principle, adapted from HORIBA Co. [145]
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The size of the particles can be defined by the hydrodynamic diameter, which is the
diameter of particles measured in dynamic light scattering in suspension, thus
representing the diffusion of particles in the fluid. It can be calculated using the Stokes-
Einstein equation by knowing the time-dependent fluctuation in light scattering
intensity by calculating the translational diffusion coefficient [146]

d(H) = KT

61TTnD

Where: d(H) = hydrodynamic diameter
k = Boltzmann’s constant (1.38 x 102%) |
T = absolute temperature

n= viscosity of solvent

D= translational diffusion coefficient (m2.S?)
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3.2.2 Zeta potential

Zeta potential is the difference in potential between the stationary ions surrounding the
nanoparticle and ions in the suspending medium. It is a nett charge developed at the
surface of particles which is affected by the distribution of ions in surrounding interfacial
region. Therefore, the concentration of counter ions (ions of opposite charge to that of

the particle) increased close to the surface, Figure 3-2.
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Figure 3-2: Theory of Zeta potential, adapted from Tengku Mohd et al [147].

Thus, each particle is surrounded by the electrical double layer. The liquid layer
surrounding the particle has two parts; an inner region, where the ions are strongly
bound and an outer region where ions are less firmly held. When the particle moves
due to gravity, ions within the boundary move with it. The boundary, which is called
the surface of hydrodynamic shear or slipping plane, and the boundary potential is

known as Zeta potential [148].
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3.2.3 Fluorescence response

Fluorescence is a well-established technique and often the method of choice for
intracellular measurements. It is non-invasive, inexpensive and versatile for detecting
analytes. Detection of fluorophores can be achieved using different instrumentation
depending on the application and sensitivity required. This instrumentation involved
can be a; standard fluorimeter, fluorescence plate reader, flow-cytometer for detecting
fluorescence markers in cells and fluorescence microscopies (wide-field, confocal or

super-resolution).

3.2.3.1 Fluorescence spectrophotometer

Fluorescence spectroscopy uses a spectrophotometer that can record both excitation
and emission spectra. That is, it has the ability to determine the emission maxima by
determining the emission spectrum measured at single excitation wavelength.
Conversely, it is able to determine the excitation maxima by scanning the excitation

spectrum at a single emission wavelength [30, 36].

A schematic representation of the fluorescence spectrometer is shown in Figure 3-3
which includes: light source which is usually a xenon arc lamp; monochromators to
pick the excitation and emission wavelengths; photomultiplier detector. The result is
presented as a spectrum showing fluorescent intensity against wavelength. The
advantages of fluorescence spectroscopy are that it is a rapid, accessible and precise

technique to perform analysis of fluorescent molecules [36].

The conventional fluorescence spectrometer has a single cuvette holder for measuring
a sample. However, in order to get higher throughput with a multisampling approach,

measurements can be carried out using a plate reader [149].
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Figure 3-3: Schematic representation of based components of fluorescence
spectrophotometer, adapted from Gomes et al [150].

3.2.3.2 Fluorescence microscope

Fluorescence microscopes are instruments that can be used to visualise physiological
process in cells and tissues [151]. They provide highly specific images that can
guantify the amount, cellular location of metabolites and ions. However, to make non-
fluorescent entities visible they are offer required to be labelled with fluorescent dyes

[152]. For example, DAPI dye is used to label nuclear DNA.
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A fluorescence microscope functions by exciting the fluorophores in a specimen with
a desired and specific wavelengths of light from a powerful light source e.g. LED or
laser. Light is reflected by a dichroic mirror in a filter cube to illuminate the sample.
After light hits the sample, it excites the fluorophores, which then emit fluorescent light
at a longer wavelength. The emitted light is captured by the objective and then filtered
before being sent to the detector for image digitalisation Figure 3-4 A [42]. The
excitation, emission filters and dichromatic mirror are contained in a filter block as

shown in Figure 3-4 B.

Only the emission should reach the detector, so that the resulting fluorescent
structures are superimposed with high contrast against a very dark (ideally black)
background. The limits of detection are generally governed by the darkness of the
background and by the ability to eliminate excitation light since it is typically much

brighter than the emitted fluorescence [40].
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Figure 3-4: Labelled parts of fluorescence microscope. A) Microscope [43]. The colour green
denotes light that is focused on the specimen, red denotes the emitted light from the sample,
and yellow denotes light that has been transferred. B) Filter block [43] (Where the lenses and

filters arranged).
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Fluorescence microscopy is often the method of choice for studying dynamic
behaviour intracellularly. Different molecules can be stained with different colours
allowing for the multiple tracking of molecules simultaneously. Wide field microscopy
is the most widely used method for measuring intracellular analytes because the
instruments are most widely available and the technique is less likely to cause
phototoxicity and photobleaching. This is because the illumination is less intense than
the laser light is used in confocal microscope [41]. Although the trade-off is that
conventional wide-field microscopy does not offer as high resolution as confocal
microscopy or multiphoton microscopies. It does, however, allow for the capturing of
images of the entire object field simultaneously in a parallel processing system, as
compared to the scanning-based confocal microscopy and multiphoton microscopy.
The whole-field nature of this approach can provide a very high data acquisition rate,

making it attractive for imaging transient biological processes [44].
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3.3 Development and optimisation of methodology for
fluorescence ratiometric measurements

3.3.1 Technical consideration of ratiometric measurements
There are general factors that should be optimised to enhance reliability of the

measurement. These factors should be kept standardised throughout the experiments

3.3.1.1 Nanosensor calibration

Generally, calibration is required for accurate measurements. It is critical to match the
experimental settings with that in calibration conditions to ensure reliable
measurements. The most straightforward technique for calibration is to simulate real
environmental conditions using predetermined standard analyte concentration [39],

[153], [154].

3.3.1.2 Image acquisition

Image acquisition means the process of capturing the image. It is important to acquire
the image with suitable camera with known dynamic range [155]. The process of image
acquisition is highly dependent on the hardware system used in the camera, which is
composed of sensor that converts light (photons) into electrical charges so that an
image can be reconstructed [155]. When using the image to extract data, there are
number of factors should be considered: 1) lighting of illumination, 2) camera settings
for the lens, 3) data which is stored as binary bits in a computer [156]. As regards the
number of bits used to store a number limits the range of values, it can take for example
8 bit data, 28 =256 possible values can be stored. This represents grey levels from 0
(black) to 255 (white). 4) File format: There are different formats with different
properties. Some formats compress the data which make the size smaller. Example of

formats are JPEG, PNG and TIFF.
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3.3.1.3 Microscope alignment

Microscope alignment means acquiring the image at specific wavelengths. In a
perfectly aligned microscope, a point of fluorescence signal is co-localised at the exact
same point in different (colour) channels [157]. Ratiometric measurement involves
dividing the indicator intensities by reference intensities taken from different channels,

therefore it is essential to have precise alignment between the channels.

3.3.1.4 Exposure and gain

The amount of light required to excite the sample is determined by the length of time
the sample is exposed to the excitation light [158]. The highest exposure time will result
in increased SNR ratios, but also leads to an increased risk of photo-bleaching and
photo-toxicity. Gain, on the other hand, refers to the detector's sensitivity settings. The
gain settings can be increased to the maximum. However, this can lead to an increase
in background signal, as well as that of the signal. Saturation of pixels should be
avoided as this means changes in signal can no longer be detected, though these

pixels can be eliminated during image analysis in some cases [159].

3.3.1.5 Image analysis

Image analysis for ratiometric measurements is detailed in work published for pH

nanosensors [22]. The fundamental considerations for image analysis include:

1- Thresholding
2- Background removal

3- Automation of image analysis
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Image thresholding means selecting pixels above (or below) an intensity value. With
colour images, each colour channel might have a separate threshold or it could be

associated with the dimensions of a colour space [160].

Images acquired by fluorescence microscopy methods usually contain background.
The reasons for the background could be from plate auto-fluorescence, media
fluorescence or noise from the detector. Different methods for subtracting background
have been proposed for image analysis. One approach is to take an image of the cell
without nanosensors and calculate the mean value; this mean value is then subtracted
from the images [22]. In a similar method, this value could be obtained from identifying
an ROI outside the cells [161]. It should be noted that the majority of published
research studies do not offer a specific procedure for removing the background from

images [98].

Tools that can consistently extract data from images in a short amount of time are
necessary for data analysis of multiple images. There are commercially available
software packages with facilities (plug-ins) for operating ratiometric measurements.

FIJI (open source) and MATLAB are extensively used software for image analysis.
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3.4 Results and Discussion

Polyacrylamide nanopatrticle preparation is simple and cost effective as a platform for
conjugating dyes to fabricate nanosensors. Therefore, polyacrylamide-based
nanosensors were chosen for oxygen responsive nanosensors. Fabrication of
polyacrylamide nanosensors has been reported previously in our group [15, 22, 45] for

measuring pH and oxygen intracellularly.

3.4.1 Reproducibility of nanosensor fabrication technique

Synthesized polyacrylamide nanoparticles were evaluated in terms of reproducibility
by measuring the hydrodynamic diameter (d.nm) and the polydispersity index (PDI).
Size and charge were measured before and after of conjugation to Pt porphyrin dye
on the polyacrylamide surface. It has been shown that the average hydrodynamic
diameter of polyacrylamide nanoparticles was centred at 40.7 nm, Figure 3-5Figure
3-5 A with polydispersity of 0.24. While the size of nanoparticles after conjugating with
Pt porphyrin was 53nm, Figure 3-5 B with polydispersity of 0.30. Zeta potential was
also measured and gave values of 14.96 mV and 3.15 mV for pre- and post-conjugated
polyacrylamide nanoparticles, respectively. The type of functional groups on the
nanoparticles surface is thought to be the cause of this variation in zeta potential levels
[162]. Amine functionalisation by APMA is a useful method to facilitate conjugation to
fluorophores and the reason for a high positively charge zeta potential as shown in
Figure 3-5 C. Post-conjugation, Pt porphyrin occupied polyacrylamide nanoparticles

surface leading to decrease of zeta potentials to 3.15 mV.
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Small values of standard deviation of size and charge indicate a good reproducibility
of nanosensor production. Previously reported polyacrylamide nanoparticles have

been synthesised between 40 and 100 d.nm [22, 96], which were comparable to our

results.
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Figure 3-5: Characterization of size by using DLS A) pre-conjugation and B) post-conjugation

to Pt porphyrin. C) Zeta potential values (mV) of polyacrylamide nanoparticles pre and post-
conjugation of Pt porphyrin.
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There are additional methods to characterise the size and shape of nanosensors which
rely on electron microscopy imaging. However, in some previously reported cases,
electron microscopy imaging is challenging due to the requirement for a conductive
layer to be deposited on the surface of particles which affected the morphology of the
nanoparticles [163]. Particles were mainly measured by DLS and different electron
microscopy techniques which used by other research group [164],[163],[24]. They
noticed an aggregation with electron microscopy in the main, although an advance

technique was applied to show morphology and the size of particles.

In our work, particles were also imaged using transmission electron microscopy, TEM,
Figure 3-6 A. The images appear to show large particles and flat sheet layers that we
speculate resulted from aggregation due to high voltages used to achieve better
resolution. To overcome this problem, Field Emission Gun Scanning Electron
Microscope (FEG-SEM) was used to image the oxygen nanosensors. These
conditions help to image nanoparticles successfully as a smaller electron beam
diameter coupled with lower voltages could be used. The resulting image with

spherical particles in the size range from 30 to 80 nm is shown in Figure 3-6 B.
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Figure 3-6: A) Transmission electron microscope (TEM) images, B) Field Emission Gun
Scanning Electron microscopy (FEG-SEM) at magnification 110,000x and 50,000x.

Characterisation of nanosensors size and morphology were followed by finding out the
optimal concentration of fluorophores, in the next section, that produce response for

sensing oxygen concentration.
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3.4.2 Optimisation of fluorophores concentration incorporated in
nanosensors

The development of ideal chemical probes for imaging and sensing of hypoxia remains
elusive. Porphyrin dyes are promising components of advanced sensing systems
because of their photochemistry and stability [165]. To perform accurate
measurements, it is important to conduct ratiometric measurements, and this requires
optimisation of both fluorophore concentrations, Pt porphyrin indicator and TAMRA
reference, in terms of their response and sensitivity to oxygen. The methods for making
the porphyrin-TAMRA nanoparticles was described in Chapter 2 section (2.2.1), where
the porphyrin, which is sensitive to oxygen, was covalently conjugated to the amine
functionalised polyacrylamide nanoparticles once the polymerisation had been carried

out.

The initial concentration of porphyrin used was 0.05 mg/mL. This concentration was
explored in terms of its fluorescence response, sensitivity to in situ oxygen. TAMRA
(reference dye) was incorporated in polyacrylamide nanoparticle during polymerization
process in a concentration of 0.02 mg/mL. Initially, the fluorophores were tested for a

maximum excitation and emission.
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Figure 3-7: Spectrum of A) excitation and emission of Porphyrin and B) excitation and emission
of TAMR.
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As shown in Figure 3-7 A, the maxima excitation and emission wavelengths of Pt
porphyrin are 398 and 648 nm, respectively. In Figure 3-7 B, the maxima excitation
and emission wavelengths of TAMRA are 552 and 577 nm, respectively. The calculated
Stokes shift for porphyrin is 250 nm. The pictures in Figure 3-8 A show three different
batches of oxygen nanosensors. The clear suspension indicated that the NPs are
small size compared to cloudy suspension which indicated the larger size. As shown
in Figure 3-8 B nanosensors in a 5 mL tube were placed on the stirrer and analysed
using an Ocean Optics oxygen meter to measure response to oxygen. This was done
by exposing nanosensors to pre-determined oxygen concentrations as illustrated in

Figure 3-8 C.

Figure 3-8: A) Oxygen nanosensor suspension. B) Immersed oxygen meter in oxygen
nanosensor suspension in a tight oxygen environment. C) Balloons with oxygen and argon
had been bubbled in suspension.
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Different dissolved oxygen concentrations were prepared by bubbling with pre-

determined oxygen concentrations. The results in

Figure 3-9Figure 3-9 A show the fluorescence intensity of TAMRA (577 nm) remains
constant in response to changes in oxygen concentrations, while the intensity of Pt
porphyrin (650 nm) increased with a decrease in oxygen concentration. The graph in
Figure 3-9 B was generated by taking a ratio of signal at 650/577 nm and plotted
against oxygen concentration (Stern-Volmer plot). Figure 3-9 B shows a good
response to oxygen concentrations from 0-100%, with R? = 0.972 demonstrating a

good fit of linearity.
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Figure 3-9: A) Fluorescence spectrum of oxygen nanosensors (0.5mg/ml), Oxygen sensitivity
of sensor is measured by fluorimeter. Increase in fluorescence response of porphyrin (at
0.05mg/ml) to decrease in oxygen concentration and constant response of TAMRA to change
in oxygen concentration B) Linear response of normalised fluorescence intensity versus% of
normalised oxygen concentrations by Stern-Volmer equation.
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From the results shown in Figure 3-9, it can be seen that the nanosensor emission is
low (fluorescent intensity, 100 au). Preliminary testing of oxygen nanosensors
deployed intracellularly showed a weak signal when measured using flow cytometry
(Appendix Figure A.1). Cells which were treated with 50, 100, 250 ug/mL (Figure D,
E, F respectively) of oxygen nanosensors exhibited TAMRA emission but no porphyrin
signal was observable. Increasing concentration of oxygen nanosensors to 500 pg/mL
(Figure G) did show signal from both Pt porphyrin and TAMRA but also demonstrated
a highly toxic effect on the cells. Therefore, the initial Pt-porphyrin and TAMRA
fluorophore concentrations in the nanosensor matrix were re-evaluated and optimised

with monitoring by fluorescence spectrophotometer.

The challenge of low signal can be overcome by: conjugating and loading more
indicator in the nanosensors, finding the optimal concentration of reference dye during
the preparation of nanosensors, or increasing the light power used in the fluorescence

analysis (spectrometer, microscope or flow cytometer).
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3.4.3 Characterization and re-evaluated of optimal concentration of
oxygen nanosensors’ fluorophores

The optimal amount of the fluorophores to be loaded into the nanosensors was found
to be 4mg and 1 mg for Pt porphyrin and TAMRA, respectively. These were in
agreement with those reported previously by Chauhan [15]. The sensitivity of the
optimised fluorophores was studied using 0.5 mg/mL of nanosensors using
fluorescence spectrometer (c.f. 3.3.2) and wide-field microscope (3.3.4). Figure 3-10
A shows the fluorescence response of the optimised oxygen nanosensors in aqueous
suspension measured using a fluorescence spectrophotometer. The optimised oxygen
nanosensors showed that the emission from both fluorophores was amplified when
compared to the emission from the initial oxygen nanosensors (Figure 3-9). The
normalised ratiometric fluorescence intensities have shown an excellent linearity by

applying Stern-Volmer equation R? =0.998, Figure 3-10 B
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Figure 3-10: A) Fluorescence spectrum properties of porphyrin and TAMRA and B) improved
the linear response of normalised fluorescence intensity versus% of normalised oxygen
concentrations by Stern-Volmer equation.
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3.4.4 Calibration of oxygen nanosensors using fluorescence microscope
In order to use oxygen nanosensors for biological applications, it is important to
calibrate nanosensors containing different dissolved oxygen concentrations using a
fluorescence microscope as fluorescent microscopy is widely used within biological
research. The straightforward approach to calibrate nanosensors is to add some
nanosensor suspension to an Ibidi slide in closed system, which is an lbidi stage
incubation system connected to the microscope Figure 3-11. The oxygen
concentration will be monitored using an Ibidi controller of nitrogen/oxygen/carbon
dioxide gas mixture using a guidance method by the manufacturer. The main
advantage of the Ibidi incubation system is that it provides an efficient and precise
physiological environment of gas, temperature and humidity for cellular imaging.
However, controlling of gas is considered a sensitive technique and time consuming

because of the time needed for medium saturation with a specific gas concentration.

|

Figure 3-11: 1) humidity column. 2) Ibid gas controller. 3) Ibid chamber [166].
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By taking different images of oxygen nanosensors in porphyrin and TAMRA channels
at different oxygen concentrations, images show a change in brightness in porphyrin
channel images with an increase of oxygen diffusing into the suspension while TAMRA
channel images show approximately the same brightness, Figure 3-12 (images). The
data was extracted from images as an average intensity and then fitted to a Stern-
Volmer plot of the intensity ratio of oxygen nanosensors against oxygen concentration

which showed a linear response R?=0.995, Figure 3-12.

A difficulty encountered in this experiment was to determine the concentration of
oxygen diffused into suspension of nanosensors as the time required for the
suspension to reach equilibrium in the chamber is extremely important. In our
experiments, the optimal time for oxygen saturation was found 30 minutes. Generally,
the microscope calibration approach helps to identify the factors that might affect
image analysis when applying the method to cellular investigations, such as image
acquisition, gain and exposure time [22]. However, standardising the microscopic

conditions is crucial to obtain consistent results.

BRI | R

!
1 $
.
01e T T T T J
0 5 10 15 20 25
0.9 % 2% 5% 10 % 12% 15% 20 % Oxygen concentration %

Figure 3-12: Visualise brightness change of porphyrin and TAMRA in oxygen nanosensors
suspended in PBS using hypoxia chamber connected to wild field microscope (oxygen
concentration 0 — 20 %). The graph illustrates linear response of oxygen concentration in
chamber and oxygen nanosensors.
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3.4.5 Temperature effect on nanosensors fluorescence response

In order to use oxygen nanosensors intracellularly, the incubation temperature (37°C)
must be considered as a factor that might affect the nanosensor response. Therefore,
an experiment was designed to measure the intensity of oxygen nanosensors during
period of time (3, 6, 18 and 24 hours) using a fluorescence spectrophotometer. The
result in Figure 3-13 shows no significant reduction in fluorescence intensity during

incubation time.
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Figure 3-13 : Effect of incubation temperature (37°C) on oxygen nanosensors intensity. Error
bars represent (SD for n=3).
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3.4.6 Evaluation of oxygen nanosensor sensitivity

It is important to study the sensitivity and reversibility of the prepared oxygen

nanosensors. As described in Chapter 2, a suspension of oxygen nanosensors (1

mg/mL) and glucose (6 mM) was mixed and exposed to 1 mg/mL glucose oxidase

enzyme solution in an air-tight cuvette. After the reaction started, oxygen localised in

the cuvette was consumed over time, leading to an increase in the fluorescence

intensity of the Pt porphyrin. The fluorescence intensities of both Pt porphyrin and

TAMRA were recorded and the ratiometric measurements were calculated and then

plotted versus time and oxygen concentration (mM/mL).
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Figure 3-14: A) Spectrum of increasing Pt porphyrin intensity by consumption of dissolved
oxygen by glucose oxidase in deionized water. B) Kinetic analysis of oxygen consumption by
glucose oxidase enzyme. Error bars represent (SD for n=3).
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As shown in Figure 3-14 A, Pt porphyrin emission increases with time until the oxygen
has been consumed; the intensity increased until is showed a plateau after about 20
minutes, see Figure 3-14 B. There was a concern that the consumption of oxygen by
glucose oxidase may also result in a change in the pH of the medium. By monitoring
the pH of system using simple pH meter, it was shown that there was no change in pH

across the timescale of the experiment, Figure 3-15.
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Figure 3-15: Monitoring of pH during oxygen consumption using pH meter Error bars represent
(SD for n=3) (P <0.0001).

The nanosensors have the capability to monitor the oxygen concentration under
induced hypoxia. This bring to light the use of oxygen nanosensors approaches
intracellularly and the monitoring of physiological reactions by oxygen and glucose
monitoring, with merits of good sensitivity. However, the cellular oxygen concentration
might be affected by the complexity of cell components and cellular pH. Thus,

investigation of Pt-oxygen nanosensors will be explored intracellularly.
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3.5 Conclusion

The work that has been done in this chapter shows that oxygen-sensitive nanosensors
could be fabricated using a robust methodology. Polyacrylamide nanosensors
containing Pt porphyrin and TAMRA fabricated using this technique were spherical
and sized between approximately 40 - 55 nm in diameter, as determined using
dynamic light scattering and FEG-SEM. The morphology of the nanosensors was

assessed using FEG-SEM which gave high resolution images.

The TAMRA and Pt porphyrin fluorophores were assessed and directly conjugated to
the polyacrylamide matrix via amine-functionalised polymer. Post-polymerisation
conjugation of Pt porphyrin dye was preferential due to dye degradation observed
during free-radical polymerisation of the acrylamide to from the polyacrylamide

nanoparticle matrix.

The ratiometric nanosensors were sensitive to dissolved oxygen with excellent linearity
(R? = 0.997) when analysed using a Stern-Volmer plot. The overall quenching
response reaches approximately 97% which is measured by using the equation (lo/l)
x100. The small size and hydrophilic nature of the polyacrylamide nanoparticles, as
well as the use of ratiometric measurement, results in a good overall quenching
response and good linearity to dissolve oxygen from O to 100% saturation. The
nanosensors have good reversibility and a good response to trace amounts of oxygen.
For the present study, a wide field microscope as well as a fluorescence
spectrophotometer was used for ratiometric measurements. In the optical
nanosensors field, there has been a focus on fabrication of oxygen nanosensors
designed for biological applications. This chapter presented the fabrication,

characterisation and calibration of polyacrylamide oxygen-sensitive nanosensors as a
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prelude to cellular investigations to be presented in Chapters 4 and 5. The
establishment of a standardised procedure for performing calibrations and
measurements of intracellular oxygen has received comparatively little attention and
is important because the ability to perform ratiometric measurements is highly

dependent on the experimental setup.
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Chapter 4 . Intracellular evaluation of oxygen in
macrophage

4.1 Introduction

The aim of this chapter is first to examine the immune response of macrophages to
nanosensors. Second aim is to study the impact of Pt porphyrin as ROS generator on
macrophage phenotype modulation. The third aim is to implement oxygen
nanosensors within live cells and validate the optimised methodologies described in
Chapter 2 and Chapter 3 by exposing the cells to pharmacological compounds that

affect intracellular oxygen levels. Each of these aims will be explained as follows:

4.1.1 Response of macrophage to nanosensors based nanoparticles

In the previous chapter, optimal oxygen nanosensors fabrication was discussed for
intracellular measurements. In this chapter, the use of oxygen nanosensors
intracellularly will be presented using a macrophage immune cell model. Macrophages
are an integral part of immune response. Their cumulative heterogeneity is involved in
the progress or prevention of diseases. The heterogeneous phenotype properties of
macrophage correlates with different metabolic activity [167]. In addition, extensive
studies have been conducted on macrophage response to analytical devices based
on biomaterials such as nanoparticles [168, 169]. The data available revealed that the
chemical composition of the polymer, size, surface chemistry, as well as
hydrophobicity, can polarise the macrophage differently [170]. This alteration of
macrophage polarisation results in changes of macrophage phenotype and initiates

metabolic cascade along different pathways [171].

Ideally, biomaterial physicochemical factors could be tuned to control macrophage

response and to an extent is possible [172]. The following section reviews the effects
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of physicochemical properties of biomaterials on phenotype modulation of

macrophage.

4.1.1.1 Surface chemistry of polymeric matrix

Altering the surface chemistry of nanoparticles has a strong impact on macrophage
phenotype modulation [168]. Modification of nanoparticles surface by adding or
removing functional groups such as amine group (-NHz) or carboxylic group (-COOH)
changes the hydrophobicity, pH and charge of nanoparticles [173]. Moreover,
conjugation of nanoparticles to compounds such as carbohydrates modulates
macrophages to pro-inflammatory phenotype [104]. In addition, some surfaces such
as hydrophobic polyurethane induces the production of anti-inflammatory cytokines
(IL-10) and decrease the production of anti-inflammatory cytokines (TNF-a, IL-1()

[174].

In the context of switching from pro-inflammatory to anti-inflammatory lineages to
promote wound healing, surfaces of biomaterials can be modified to create a
favourable cytokine microenvironment (increased levels of IL-10 and TFG-B) [175].
Additionally, Jones et al. studied effect of hydrophilic surfaces compared with
hydrophobic surfaces of polyacrylamide on macrophage. It was shown that
macrophages switch their phenotype from pro-inflammatory to anti-inflammatory with
modified surfaces from hydrophilic to hydrophobic [176]. Interestingly, these results

also suggested the effect of charge modification on hydrophilicity and hydrophobicity.
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4.1.1.2 Charge

The overall charge of macrophage cell membrane is negative [177]. Thus, biomaterials
with surface charge can modulate macrophage response. Generally, cationic charged
surfaces are prone to cause pro-inflammatory response and increased internalisation

than anionic and neutral charged materials [178].

The response of macrophage to polyacrylamide has been studied previously by
different groups [176, 179]. One of the study has shown that the neutral surface charge
of polyacrylamide modulates naive macrophage to pro-inflammatory phenotype in
human macrophage in vitro [176]. Moreover, a study conducted by Chen et al has
shown that hyper-branched polymers conjugated with fluorescent dyes, changed the
polymer surface charge and consequently the macrophage response was observed to

differ [180].

It is important to consider the chemistry of dyes that have impact on overall
nanoparticle charge and consequently physical characteristics, such nanopatrticle size.
Recently, it has been reported that protein aggregated on the surface of nanopatrticles
forming a corona can significantly increase the effective particle size [181]. The
explanation of how corona forms rely on the surface chemistry as well as surface

charge [182].

4.1.1.3 Size

Size of nanoparticles can be tuned for different biological applications [183]. Tuneable
size of nanoparticles has an impact on immune responses [184]. This is through
changing its phenotype. Therefore, uptake and clearance of particles are different by

exposing them to different range of sizes [185].

95



This is exemplified in the work undertaken by Yue et al. which highlighted that nano-
sized particles could influence (TNF-a) pro-inflammatory cytokine production in
J774A.1 macrophage cell line. On the other hand, no noticeable (TNF-a) level was
determined for micro-particles. Indicating that further studies should be focused on
large particles that might be less immunogenic [186]. In a similar study, the author
suggested the inflammatory response of macrophage to the small size of nanoparticle

is due to exposure of cells to the large surface area of small nanopatrticle size [187].

It is challenging to balance cumulative factors such as nanoparticle surface
chemistries, charge and size that can enhance or suppress macrophage activity and
which can subsequently affect macrophage polarisation [188]. However these factors
can be controlled by tuning method of nanoparticle fabrication for development of non-

destructive analytical tool such as nanosensors for cell measurement.

4.1.2 Utilisation of nanosensors based nanoparticles for live cell
measurement

Development of a non-invasive tool such as nanosensors for metabolic dynamic
profiling of macrophage is important [189, 190]. This can help correlate metabolic
activity and molecular expression for potential use in diagnostic and therapeutic
applications [3]. Nanosensor based nanoparticles have been previously used as a
diagnostic tool for measurement of biomarkers such as pH [113], oxygen [167] and

ROS [230] in macrophages.
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For the purpose of using nanosensors for dynamic measurement of biomarkers such
as oxygen measurement in live cells, response of macrophages to the nanosensors is
required to be investigated. As discussed in Chapter 2, nanosensors have been
synthesised that are composed of polyacrylamide matrix functionalised by amine
group to facilitate conjugation to Pt porphyrin as indicator dye on the surface and

encapsulated TAMRA as reference dye.

There are a several published studies showing effect of surface chemistry on
macrophage phenotypic modulation. However, it is important to note that there is a
lack of data available showing the effect of Pt porphyrin on phenotype change.
Nevertheless, different types of porphyrin have been used for photodynamic therapy

to generate ROS to induce phenotype modulation [191, 192].
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4.1.3 Assays used for modulating intracellular oxygen

The current methods utilised for monitoring oxygen involve use of pharmacological

compounds that have an effect on cell function to cause measurable response. It was

reported that pharmacological compounds that affect cellular respiration rely on a

mechanism of action targeting cellular metabolic activity [193-195]. These compounds

act mainly on mitochondria, Table 4.1.

Table 4.1: list of compounds has mitochondrial membrane complex un-coupler and inhibitors

Pharmacological agent Type Cell types References
FCCP,(Carbonylcyanide-p Potent Mouse embryonic [194],
trifluoromethoxyphenylhydrazone) | mitochondrial fibroblasts (MEF),
oxidative Pheochromocytoma(PC12) | [195], [190],
CCCP,(carbonylcyanidem- phosphorylation
chlorophenylhydrazone) uncoupler [196]
Antimycin A Complex Il HelLa G cell lines, PC12 [197],
inhibitor (An cells, SH-SY5Y cells,
inhibitor of HepG2 [194], [198]
cellular
respiration). [193]
Bafilomycin VTP-ase PC12 cells, SH-SY5Y cells | [194], [199],
inhibitor and it
has
mitochondrial
respiration
effect
Rotenone Complex | Glial cell [200], [201]
inhibitor
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There are different strategies to manipulate pathways that alter mitochondrial activity
such as targeting electron transport chain (ETC), which involve complexes I-1V of
mitochondrial membrane [202-204]. FCCP, act as un-coupler which deplete
membrane potential lead to enhancement of oxygen consumption. Further, it disrupts

proton across the inner membrane which alter the proton gradients [205].

This effect can be clearly seen in previous work that rotenone and antimycin can inhibit
complex | and complex Ill, respectively [200, 206]. Leading to inhibition of two main
origins of ROS production as a result of a blockade of electron transfer. Incomplete
electron transfer to oxygen could lead to accumulation of ROS and that inhibit cell
proliferation [200]. Additionally, bafilomycin has been shown to have transient

alteration of mitochondrial complex which affect oxygen concentration [194].

In a number of studies, cells are pre-incubated with inhibitor or un-coupler compounds
for a period of time [207]. The duration of treatment is dependent on the experimental
protocol. Theoretically, mitochondrial transient effect are most likely to be detected in
short period of time. Therefore, it should be considered that treatment time could alter
cellular pathways and imbalance of electron transport resulting in loss of cell viability

[208].

99



4.2 Results and discussion

4.2.1 Characterization of THP-1 differentiated macrophage

THP-1 cells differentiated macrophage were used as a model for dynamic transition of
oxygen. THP-1 cell line are commonly used cell line for differentiating to macrophages.
A considerable amount of literature has been described the differentiation of human
THP-1 cells into naive macrophage by culturing the cells with phorbol-12-myristate13-
acetate (PMA) [209], [131]. To confirm differentiation of THP-1 cells to macrophage,
CD68 surface marker was evaluated by visualisation under a microscope [210]. CD68
was shown to be expressed in differentiated macrophage and treated with oxygen
nanosensors which include porphyrin and TAMRA dyes, confirming that no effect of

nanosensors on CD68 expression, Figure 4-1.

Porphyrin

Figure 4-1 : THP-1 differentiated macrophage (MO0) treated with oxygen nanosensors. MO
tagged by Alexa flour480 CD68 marker of MO.
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4.2.2 Macrophage polarisation

4.2.2.1 Cytokines productions

Numerous studies have associated macrophage response to different micro-
environmental stimuli which is responsible to develop a range of phenotypes [104].
Each of phenotypes has a signature characteristic of metabolism [211]. Thus,
differentiated macrophages characterised in response to different stimuli extensively
in different works to investigate its phenotype M1 and M2 subsets [212]. To polarize
naive macrophage to M1 cells, MO macrophages were treated with 50 ng/mL GM-
CSF, 100 ng/mL LPS and 20 ng/mL IFN-y. Additionally, M2 cells were also generated
by using 50 ng/mL M-CSF and 20 ng/mL IL-4 [131]. These biomolecules have been
shown to stimulate macrophage polarisation to pro-inflammatory or anti-inflammatory
phenotypes. Macrophage phenotypes were tested by examining cytokines production,
TNF-y and IL-10, to detect pro-inflammatory and anti-inflammatory, respectively.
Supernatants were obtained from M1 and M2 cells then analysed by ELISA technique.
Figure 4-2 show high significant expression of TNF-y when polarise to M1 while high

level of IL-10 significantly expressed when polarised to M2.
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Figure 4-2: ELISA assay of A) TNF-a expression of M1 polarised macrophage. B) IL-10
expression of M2 polarised macrophage. Data showed mean optical density at 450nm which
representative for n=3, (level of significant ****p<0.0001, ***p<0.001, **p<0.01).

4.2.2.2 Immuno-fluorescent staining

In addition to measuring the cytokine production, visualisation immunostaining of naive
macrophage was characterised using fluorescence microscopy. Therefore, activated
macrophages were analysed by using marker staining of calprotectin and mannose
receptor (CD206) for M1 macrophages and M2 macrophages, respectively. The
results interpreted by visualising images of M1 and M2. The images have shown that
mannose receptor of green M2 higher than that expressed in M1. On the other hand,

calprotectin in red have expressed in M1 compared to that in M2, Figure 4-3.

Characterisation of macrophage helps to prior treatment of cells with nanosensors
helps to identify cell morphology in each phenotype. As well as, helps to recognise
nanosensors behaviour on macrophage cells. The next section will explore study

oxygen nanosensor intracellular delivery with co-localisation analyses.
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Figure 4-3: Visualised images of characterisation of M1 and M2 polarized macrophage that
expressed calprotectin and mannose receptor, respectively. Scale = 10 um.
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4.2.3 Co-localisation of porphyrin and TAMRA of oxygen nanosensors,
in THP-1 differentiated macrophage

Naked dyes that used for detection of oxygen are toxic for the cells and once
internalised may leach from sample or can be metabolised [213] .Therefore, dyes are
conjugated to nanoparticles as a matrix support to prevent leaching. In order to confirm
the presence of both TAMRA and porphyrin which conjugated to the same nanopatrticle
location and not leached or degraded, the study of co-localisation was conducted. The
result in Figure 4-4 shows the high (PCC) of = 0.92 which confirm strong co-localisation
of nanosensor dyes in the same place. Figure 4-4 also shows that the dyes associated

with the nanoparticles do not exhibit leaching into extracellular spaces.

Magenta pixels intensity
(Porphyrin channel)

Red pixel intensity (TAMRA channel)

Figure 4-4: Macrophage treated with A) TAMRA and B) Porphyrin nanosensors. C) 2D
histogram of fluorophores (porphyrin and TAMRA channels) conjugated nanopatrticles in THP-
1 differentiated macrophage. Scale = 50 um.
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4.2.4 Stability monitoring of ratiometric fluorescence intensity

The reported nanosensors stability vary in available liturature, Stability is typically
monitored by monitoring the dyes leaching from nanosensor suspension [189, 199]. In
this study, intracellular fluorescence intensity of oxygen nanosensors has been
monitored over one week. Monitoring of fluorescence intensity is to confirm the
duration of fluorescence oxygen nanosensor stability. The intensity was measured at
day 1, day 4 and day 7. Figure 4-5 shows a reduction in fluorescence inteinsity by
approximetly 50 % after 24 hours of treating cells. While the ratiometric intensity
reduced by 70 % after a week. It is important to note that there is a limited window in
which amino-functionalized polyacrylamide particles can be utilized to conjugate
secondary precursors because it has been demonstrated that they form aggregates.
Aizde and alkyne linkers can be used in place of amino groups to extend the shelf life

of nanopatrticles [22].
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Figure 4-5: Monitoring of ratiometric fluorescence intensity at D1, D4 and D7. Error bars
represent SD, n= 3, P=<0.05.
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As part of nanosensor sensitivity study to oxygen, intracellular macrophage of oxygen
nanosensors in fixed cells were tested to show the reversibility response. Using
fluorescence microscopy chamber to monitor hypoxia environment, cells were
exposed to high and low oxygen and allowed the gas diffused to the cells. Visual
images of intracellular nanosensors in Figure 4-6 have shown that Pt porphyrin
guenched by oxygen concentration at the maximum oxygen saturation in chamber.

This was compared by minimum oxygen concentration that shows bright images.

MO0_0.7 % oxygen

Figure 4-6: Visualisation images of intracellular oxygen nanosensors at maximum and
minimum of oxygen concentration in chamber.

The fluorescence intensity was evaluated in fixed cells using a plate reader.
Figure 4-7 shows by bubbling the oxygen and argon in the plate, the reversibility of
oXygen nanosensor response to change in oxygen concentration can be

demonstrated.
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Figure 4-7: Reversibility response of intracellular oxygen nanosensors to change of micro-
environmental oxygen. Ratiometric Mean fluorescence Intensities (MFI) when cycled between
0 and 100 % dissolved oxygen concentration (Oxygen determined by Neofox Oceanoptic).

Previous sections in this chapter focus on intracellular nanosensor from its sensitivity
perspective. Nevertheless, macrophage cells react to nanosensors as discussed in
the introduction of this chapter. The following sections of this chapter, cover cellular

interactions from a biological perspective starting with toxicity assay.
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4.2.5 Impact of oxygen nanosensors on cell metabolic activity

It is important to determine a safe concentration of oxygen nanosensors for the cells
that would not affect cellular physiological activity, this is because need of use
nanosensors as an inert reporter for accurate oxygen measurement in the absence
particle related artefacts. However, it is important to note the oxygen nanosensor
concentrations should not be lower than their limit of detection, to make meaningful
measurements. This study examines metabolic activity using Alamar blue® assay by

methods described in Chapter 2.

Figure 4-8 A shows that treatment of macrophage with less than or equal 250 pg/mL
of oxygen nanosensors resulted no significant impact on cellular activity. To validate
Alamar blue ® assay result, cytotox glu® assay was conducted to test cell membrane
integrity and cell viability by measuring luciferase luminescence of dead cells. Figure
4-8 B illustrates that oxygen nanosensors can be used up to approximately 200 pg/mL
without affecting cell viability. It has been seen that these safe concentrations produce

adequate signal for measurements which will be detailed in section 4.2.8 and 4.2.9.
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Figure 4-8: A) Alamar blue ® (metabolic activity). B) Cytotox glu® for (cell viability) Data is
representative for n=3, (P=<0.05).
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4.2.6 Impact of polyacrylamide nanosensors on phenotypic modulation
of macrophage

Generally, macrophage as an immune cells respond to external stimuli by expressing
cytokines that determine phenotype modulation. For the purpose of utilising
nanosensors in macrophage, inflammatory response of cells to nanosensors was
studied. This was done by exposing macrophage to polyacrylamide nanosensors in
presence and absence of conjugated Pt porphyrin. In this experiment LPS treated
macrophage was used as positive control and pH nanosensors was used as a positive
nanosensors without conjugated porphyrin. The reason for using pH nanosensors in
this study is to confirm the effect of Pt porphyrin conjugated to polyacrylamide surface

on phenotype modulation of macrophage.

Cytokine production (TNF-a and IL-10) of pro-inflammatory and anti-inflammatory
phenotypes, respectively were determined. Initial observations suggest that there may
be a link between surface chemistry and modulation of macrophage. The result in
Figure 4-9 shows modulating of naive macrophage to pro-inflammatory phenotype by
significant production of TNF-a with oxygen nanosensors was comparable to control
untreated macrophage, which had an insignificant anti-inflammatory effect.
Interestingly, production of TNF-a has not significant changed with cells treated pH
nanosensors. This response of macrophage is most likely as result of cationic
influence of pro-inflammatory cytokines. Furthermore, no significant production of IL-
10 was produced from either from oxygen nanosensors or pH nanosensors. Indicating

that the overall effect of nanosensors are mostly towards a pro-inflammatory effect.
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Although extensive research has been carried out on modulation of macrophage by
nanoparticles, the experimental data are rather mixed [214, 215], There is no general
consensus about the effect of chemistry on driving naive macrophage to other
phenotype. However, most studies of metallic nanoparticles have noted that
macrophages express high pro-inflammatory cytokines such as those related to Ag, Al
and Au nanopatrticles [216]. In addition, Pt porphyrin could have ROS production effect

which could modulate macrophage to pro-inflammatory phenotype.
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Figure 4-9: Cytokines in the supernatants of THP-1 differentiated macrophages cultured with
100ng/ml LPS, 100 pg/ml oxygen and 250 pg/ml pH nanosensor were measured by means of
ELISA for (A)TNF-a and B) IL-10. Data presented are the mean + SD of at 3 independent
experiments, each experiment with one passage number (9-11), n=4, = £SD (level of
significant ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05)
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4.2.7 ROS detection with oxygen and pH nanosensors using 2',7'-
dichlorodihydrofluorescein diacetate (H.DCFDA)

It was previously noted in Chapter 1 that porphyrins are the dynamic photo-sensitizers
and have potential to use in photo-medicines. Insertion of the metal in porphyrin ring
can significantly change the chromophore behaviour [217]. Metal ions drive porphyrin
to undergo intersystem crossing (ISC) which influences the phosphorescence and
lifetimes of the resulting excited triplet state. This affects the behaviour of the oxygen
sensor and acts as a sensitizer [218]. Studies in the literature have been shown that
interaction of triplet excited state of porphyrin and molecular oxygen leads to induce

ROS production and induce cell death [219-221].

To investigate the production of ROS in the cells treated with oxygen nanosensors,
1 mg/mL of nanosensors were mixed with 9,10-anthracenedyl-bis(methylene) di
malonic acid (ABMA) which is a probe used for detection of ROS using
spectroflurometer, see Appendix 2 Figure B-1. It has been shown remarkable
decrease in fluorescence APMA as result of generating ROS with Pt porphyrin
nanosensors. An assay of cellular ROS detection were performed using H2DCFDA.
Menadione, which is activated cytochrome c release from mitochondrial membrane,
was used as positive control for generating H202. The result shows in Figure 4-10 A
the H2DCFDA expressed significantly higher intensity with oxygen compared to pH
nanosensors and control. The result reflects the ability of Pt porphyrin to generate
H202. Additionally, the result suggested that ROS was produced as a result of
conversion of oxygen to ROS within mitochondrial membrane, Figure 4-10 B. These
results are comparable to the previous result which shows that porphyrin produce H202
[222, 223]. The suggested mechanism of producing H202 is that the reaction was

carried out by transferring electrons from the triplet excited porphyrin state to oxygen
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molecules to produce O:2 - leading to generation of H202 [222]. These results
highlighted the advantage of Pt porphyrin use in photodynamic therapy as ROS
generator. Specifically this allows for Pt Porphyrin to modulate and mirror
macrophages of additional phenotypes by generating H202. Although the focus is on
the ability of Pt porphyrin in sensing oxygen, it would be interesting if future studies
expanded this research by investigating production of other ROS types that include

singlet oxygen.
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Figure 4-10: A) Detection of ROS by H2DCFDA dyes. Data represent for n=3, (level value of
significant ****p<0.0001, ***p<0.001, **p<0.01,*p<0.05). B) Corresponding images of cells that
were treated with Menadione, pH NS, oxygen NS compared with control. Scale = 100 pm.
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4.2.8 Applying oxygen nanosensors in immune cells

4.2.8.1 Calibration of oxygen nanosensors in fixed cells

In the previous section, it was shown that Pt porphyrin, that can determine dissolved
oxygen concentrations, generates ROS that can modulate naive macrophage to
additional phenotypes. Going forward oxygen nanosensors produced as part of this
this will be applied to monitor intracellular oxygen macrophage concentration to

ambient changes in oxygen concentration.

Calibration of oxygen nanosensors was performed using Ibidi imaging system as
described in Chapter 2. Figure 4-11 A shows data linearity of oxyen nanosensors with
a Stern-Volmer data transformation (R?= 0.994). As described in Stern-Volmer
equation, Fo/F = to/t = 1 + Ksv [O2], increasing of porphyrin fluorescence intensity or
life time are inversely proportional to concentration of oxygen. Ksy is the quenching
constant which expresses the sensitivity of nanosensors. It can be determined by
applying the equation of Ksy = Kq * to where Kq = quenching constant of porphyrin and
to = porphyrin lifetime. Another method is to determine Ksy is graphically by calculating
the Stern —Volmer slope. Sensitivity of our oxygen nanosensors Ksv was determined
from Stern —Volmer equation. By demonstrating Stern-Volmer equation Figure 4-1 B,
Ksv was calculated to be 0.2097 + 0.07 % which is comparable to Ksv measured for

porphyrins mentioned by Giuntini et al. [45].
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Figure 4-11: A) Calibration of intracellular oxygen nanosensors B) Stern-Vomer calibration
(10/1) where 10 = intensity with absence of oxygen, | = intensity with presence of oxygen versus
percent of oxygen concentration.

The application of the calibration curves derived above, permits monitoring of oxygen
concentrations that respond to biological change. Therefore, oxygen modulators used
for disrupt oxygen by disrupting mitochondrial metabolic pathways in cells. The next
section will determine oxygen concentration through the application of imaging

algorithms and which visually depicts oxygen concentration as a false colour heat map.
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4.2.8.2 Modulation of oxygen concentration in macrophage

Based on sensing capabilities of Pt porphyrin conjugated to polyacrylamide matrix, the
fabricated nanosensors were used for measuring intracellular oxygen. In this study,
control of input oxygen was studied for two reasons first: to establish use of
nanosensors in biological system and secondly to challenge cells to modulate oxygen
concentration by using pharmacological compounds that affect cell respiration and

measure oxygen using imaging microscopy techniques.

The pharmacological compounds used in this study are bafilomycin and antimycin.
They were used as described in Chapter 2. The results in Figure 4-12 shows effect of
0.25 pM bafilomycin and 16 pM antimycin on respiration over one hour post treatment
of macrophage cells. Bafilomycin induces sub cellular oxygen changes due to transient
disturbance of electron shuttling of mitochondrial membrane, where as antimycin
operates as a complex Il inhibitor in mitochondrial membrane [194]. Bearing in mind
that, bafilomycin is a pharmacological tool in cell physiological research and its
mechanism of action is currently being investigated, studies have illustrated
extensively that bafilomycin has V-ATPase inhibition activity which has an impact on
cellular pH [207]. Additionally, it was evidenced that antimycin has its effect on cellular
apoptosis through measurement of respiration [194]. Oxygen respiration have been
reported by a variety of methods that include electrochemical and optical sensing [82,

84, 224-226].
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The fluorescence based nanosensors which target oxygen measurement in this study
have an advantage of providing cell statues however imaging is limited by ROS

production and dye photo-bleaching causing cell toxicity.
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Figure 4-12: Effect of bafilomycin (0.25 uM) and antimycin (5 uM) on macrophage respiration
of is attributed to mitochondrial uncoupling after 1 hour treatment. Error bars = SD (P < 0.05).
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4.2.8.3 Modulation of pH in macrophage

In the previous section, bafilomycin has been shown its effect on oxygen intracellularly.
In addition, it was noted in literature that bafilomycin has an effect on H* ion flux on
mitochondrial membrane. Therefore, following to our interest of using nanosensors,
pH nanosensors used for investigating pH change with exposure to bafilomycin. It has
been seen in Figure 4-13 that pH has increased significantly with bafilomycin treatment
after 30 minutes and one hour from pH 4.5t0 5.0 and 5.2, respectively. The data results
were comparable to a previous study by Prill et al[22]. In addition to pH
measurements, the pH measured indicated the location of pH nanosensors
intracellularly which are most likely found in the cell lysosomes, which typically range

from pH 4.5 - 5.0 [227].

The difference between oxygen and pH nanosensors, used in this study, is the
presence of Pt porphyrin which alter the surface chemical properties of the
nanosensors. Consequently, this affects its interaction with cellular organelles. This
may influence nanosensors sub-cellular. These were explored by examining the co-

localisation with cell organelles in Chapter 5.
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Figure 4-13: (Left) Response of nanosensors to phagosome acidification inhibition. Cells were
exposed to nanosensors for 24 hours before being given Bafilomycin Al (image A). (Inhibitor
of phagosome acidification for 30 minutes (image B) and 60 minutes (image C). (n = ~ 200
cells) error bars represent SD. Statistically significance level (P < 0.05.)
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4.2.9 Heat map of oxygen distribution in macrophage within co-culture
model (MRC-5/ macrophage)

Following to the application of oxygen nanosensors in macrophage cells, oxygen
nanosensors were used to study oxygen distribution in co-culture model. Co-culture
model usually used to simulate wound healing studies [228]. Wound healing is a
dynamic process which consists of inflammation, proliferation and tissue remodelling
[229]. Through these processes, change the biomarkers such as pH and oxygen cause
wound abnormalities [230]. These biomarkers could be monitored by different
techniques to manage wound healing pathophysiology such as those based on

electrochemical and optical sensors [231].

Fluorescence nanosensors used to study biomarkers involved in wound healing by
different representative modalities [232]. In this chapter, study targeted to determine
oxygen concentration to differentiate between cell activities. The experimental rational
was a potential monitoring of oxygen within wound healing processes using oxygen

nanosensors.

Initially, uptake of nanosensors was examined to show nanosensor distribution in
MRC-5 cells (fibroblast cells), Figure 4-14. Images of fibroblast cells illustrates an
uptake of oxygen nanosensors after treating the cells with nanosensors for 24 hours.
The cell continued to proliferate and did not exhibit indicators of stress (blebbing etc.)

[233].
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Moving to Figure 4-15 which illustrates co-culture of MRC-5 (fibroblast cells) and
macrophage treated with oxygen nanosensors. MRC-5 (fibroblast cells) were pre-
treated with 5-chloromethylfluorescein diacetate that used for tracking cell proliferation
(CMFDA). In addition, cells were treated with oxygen nanosensors to determine the
metabolic characteristics of each cell type through oxygen distribution. At first glance
to the images, there appears to be a difference in the intensity of nanosensor dyes
between macrophage and fibroblast. This difference was illustrated by heat map

images to represent the difference in oxygen concentrations.
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Figure 4-14: Fibroblasts MRC-5 image treated with nanosensors, A) Brightfield, B) Green
fluorescent were pre-labelled with CFDA-SE), C) Red fluorescent TAMRA, D) Magenta
fluorescent Pt. porphyrin. Imaged by fluorescent wide field microscope. Scale bar= 50um.

50 pm

Figure 4-15: Co-culture (fibroblasts MRC-5 + Macrophage) image treated with oxygen
nanosensors, A) Brightfield, B) Green fluorescent were pre-labelled with CFDA-SE), C) Red
fluorescent TAMRA, D) Magenta fluorescent Pt. porphyrin. Imaged by fluorescent wide field
microscope (scale bar= 50um).Scale bar= 50um.
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Figure 4-16 shows super-resolution microscopy of a macrophage and fibroblast co-
culture image that represent intracellular presence of oxygen nanosensors in the cells.
The important feature of super-resolution microscopy is providing highest resolution
images with minimal invasiveness. Obtaining high spatial resolution images with
super-resolution can be generated by optical sectioning. The concept of optical

sectioning is practically demonstrated by technical illumination techniques [234].

Figure 4-16 shows the distribution of oxygen nanosensors in both type of cells
(macrophages and fibroblast cells) and highlights an aggregation of cells due to a
potential photo-toxicity. Despite the high spatial resolution image generated from super
—resolution microscopy, the microscopy setup did not provide a viable environment to
the cells compared to wide-field fluorescence microscopy which was complimented
with an Ibidi controlled stage which provide 5% CO2 and 37°C. Therefore, wide-field
fluorescence microscopy was used to determine oxygen distribution in macrophage

and fibroblast co-culture.

Figure 4-16: Distribution of nanosensors in MRC-5 and macrophage co-culture image
intracellularly in both type of cells. Nanosensors (Magenta), nucleus (Blue), cell mask (Green).
(Scale bar= 10um) using super-resolution microscopy.
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Images of co-culture in Figure 4-17 have a range of oxygen concentrations exhibited
as a false colour heat map. Figure 4-17 A shows a bright field image of co-culture
which represent the macrophage and fibroblast cells. Figure 4-17 B shows
macrophages that were treated with oxygen nanosensors in the absence of fibroblasts.
The oxygen concentration appears to be less than 10 %. Figure 4-17 C shows
fibroblast cells treated with oxygen nanosensors and indicates relatively higher oxygen
concentration between 15 -17%. Figure 4-17 D, the fibroblast and macrophage co-
culture the oxygen consumption is greater in macrophage more than fibroblasts. This
could be explained by the cell phenotypes and their modulation of glycolysis

dependent metabolism [235].

This study provides the rationale for the potential to investigate cell —cell interactions
requiring complex co-cultures. Further research is required to map oxygen
concentrations for the wound healing process, that help in cell oxygen monitoring

approaches for treatment of inflammation and fibrosis.
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Figure 4-17: Distribution of nanosensors in MRC-5 and macrophage co-culture images A) Heat
map of oxygen distribution in macrophage co-cultured with fibroblast, B) oxygen distribution in
macrophage, C) shows oxygen distribution in fibroblast, D) oxygen distribution in fibroblast co-
cultured with macrophage.
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4.3 Conclusion

In summary, THP-1 cell line were differentiated to macrophages and used as
an immune of biological model. THP-1 cells were differentiated to macrophages by
incubating them with PMA. After differentiation to macrophages, they have been
characterised by staining its surface marker. Additionally, characterisation of polarised
macrophage was validated by examining cytokine productions and

immunofluorescence of M1 and M2.

Oxygen nanosensors were delivered to macrophage cells with minimal effect on
metabolic activity. Oxygen nanosensors enhanced pro-inflammatory behaviour by
producing TNF-a cytokines compared to pH nanosensors which were characterised
as M1 like macrophage. ROS have been generated through exposure of the cells to
oxygen nanosensors, when the ROS generating effect of Pt porphyrin is considering.
Further studies of the ROS producing effect of Pt porphyrins is required to determine

their impact on cell polarisation and viability.

This chapter also examined the spatial co-localisation of the dyes TAMRA (reference
dye) and Pt-porphyrin (indicator dye) in the same area which confirm conjugation and
absence of leaching of porphyrin and TAMRA from the nanosensor polyacrylamide
matrix. The stability of nanosensor fluorescence was also studied over a week.
Nanosensors fluorescence peaked at ~ 24 hours was the highest, then decreased after

day 4.
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Intracellular oxygen measurements were made using fluorescent nanosensors.
Macrophages were exposed to bafilomycin and antimycin which have been shown to
be influence to oxygen concentrations; via their action on mitochondria. Practically,
cell respiration was assessed by measuring oxygen concentration. Based on that
macrophage cells were exposed to cell activators such as Lipopolysaccharides (LPS)
and Interferon y. The result in Appendix B Figure 2 demonstrates the oxygen
consumption can monitored using fluorescence nanosensors in response to IFN-y as
a result of its strong effect on metabolic modulation of macrophage, relative to

compared to the addition of LPS [236].

Using pH nanosensors, the pH was measured in lysosome. The pH of the lysosomes
were characterised to be acidic (pH~4.5) in control macrophage. The modulation of
pH was achieved through treatment with bafilomycin at a variety of time points and

shown to increase to pH 5.2 at 1 hour post bafilomycin treatment.

False colour heat map were applied to show oxygen concentration variations in co-
culture (macrophage and fibroblast). The results highlighted that macrophages
consumed oxygen at a greater rate than fibroblasts. This observation was attributed to

macrophage plasticity and its phenotype transitions due to metabolic modulation.
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Chapter 5. Studying oxygen flux in hepatic cells

5.1 Introduction

The Hepatocyte model is rich of enzymes which underpin the central role of
metabolism [237]. It has been used in studies of drug toxicity, modification and
clearance. Specifically, one of the main signs of drug induced liver toxicity is the
mitochondrial dysfunction [238]. Assays have been widely used to evaluate
mitochondrial function, including the MTT assay [239] which is used to measure
metabolic activity and JC1 mitochondrial staining which used to assess membrane
potential [240]. Mitochondrial dysfunction is likely to increase the sensitivity to drugs
that lead to decrease of cellular repair and viability [241]. An indirect method to assess
mitochondrial activity is by measuring oxygen consumption and extracellular pH [242].
Papkovsky et. al. demonstrated an approach to monitor metabolic activity using

oxygen consumption as an indirect measure using quenchable fluorophores [84].

It is important to choose instrumentation with suitable cellular quantification criteria
which is easy to use, does not require laboratory cellular preparations and has
sensitive detectors. The most commonly used instrument is the Seahorse bioanalyser
coupled with the mitostress assay, which is becoming an industry standard for the
guantification of oxygen consumption rate (OCR) and extracellular acidification rate

(ECAR) [243] [244].

However, this method has its limitations, for example 1) it requires expensive
equipment and consumables, 2) a large number of samples for screening increases
the cost and time, 3) the medium used during performing assays should be without
bicarbonate which is in the physiological buffer system and important for metabolic

regulation of mammalian cells [245].
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An alternative approach, optical nanosensor technology is able to spatiotemporally
monitor oxygen and pH and their gradients in 2D and 3D biological systems. Oxygen
sensitive probes coupled with different detection platforms from time resolved simple
phosphorimeters to automated readers and wide-field, confocal, and multiphoton FLIM
(fluorescence lifetime imaging microscopy) systems [140, 246, 247]. In addition,
fluorescence co-localisation microscopy studies are well established for determining
cellular location where the fluorescence signals of labelled objects and subcellular
organelles are observed with different fluorophores. Co-localisation can be quantified
from images by object overlap in two different fluorophores channels and pixel-by-pixel
methods. Then quantification of co-localisation can be described by Pearson’s or

Manders’ correlation coefficient.

Fluorescence microscopy allows visualisation of dynamic and endpoint biological
processes in 2D and 3D [248]. As discussed in Chapter 3, microscopy approaches
provide several advantages such as high analytical power, versatility of measurement
and afford broad application across sample type [22]. However, some challenges
remain associated with selection of oxygen probe and imaging modalities, especially
when it comes to quantitative imaging [249]. Thus, applying sensible design principles,
validating biosensor function and the appropriate fluorescence microscopy imaging
technique are key to producing a successful nanosensor for biological measurement
[249]. Therefore, in this study, first, it is necessary to identify the cellular positioning of
oxygen nanosensors to determine the location of intracellular measurements.
Secondly, having defined the spatial location of measurements, hepatocytes (HepaG2
cells) are challenged by pharmacological compounds and the oxygen flux in 2D and

3D models is measured.
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5.2 Results and discussion

5.2.1 Toxicity assay

The work started by examining the toxicity of oxygen nanosensors to HepaG?2 cells.
Different nanosensor concentrations, from 0 to 1000 pg/mL, were incubated with the
cells and the response assessed using a Toxilight® kit to detect adenylate kinase from
damaged cells. The result in Figure 5-1shows that nanosensors can be used up to 100
pg/mL without significant effect on cell viability. A sample of dead cells was used as a

positive control.
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Figure 5-1: Toxicity assay of oxygen nanosensors in HepaG2 cells. Cells were treated with
100 pg/ml of nanosensors. Data showed mean luminescence intensity which representative
for n=3, (level value of significant ***p<0.0001, ***p<0.001, **p<0.01).

5.2.2 Intracellular fate of nanosensors

Determination of nanosensor location using super-resolution microscopy permits

determination of the precise location of nanosensors intracellularly. Images in Figures
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5-2 to 5-6 were taken using a super-resolution microscope (ELYRA PS.1 super
resolution system on a Zeiss 780 microscope platform), which has the capability of

improving the spatial resolution of imaging 10 to 20 nanometres.

To assess the degree of co-localisation of nanosensors with cellular organelles an
approach where lysosomes and mitochondria were labelled green (using fluorescent
CellLights®) and nanosensors were labelled red. A comparison was made Table 5.1
of the intracellular localisation of pH and oxygen nanosensors. For pH nanosensor
mimics the OG and FAM indicator fluorophores were removed, leaving only TAMRA
as the fluorophore (TAMRA) in particles to prevent spectral overlap with cell markers.
For the oxygen nanosensors the Pt porphyrin dye and the TAMRA did not overlap with
the CellLights and so were used without modification. The cells were exposed to
oxygen and pH-mimic nanosensors for 24 hours. The localisation of nanosensors,
lysosomes and mitochondria were studied and analysed in respect to each other and

the degree of co-localisation was calculated from PCC as seen in Table 5.1.

Table 5.1: Co-localisation of Pearson’s Correlation Coefficients (PCC) for TAMRA
nanoparticles and oxygen nanosensors with mitochondria and lysosomes, calculated from five
microscopic images of two experiments.
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The data from Table 5-1 and images in Figure 5-2 show weak co-localisation of both
the oxygen nanosensors and TAMRA particles with mitochondria (PCC = 0.054 and
PCC=0.246), respectively. Comparing to TAMRA particles which strongly co-localised
with lysosomes (PCC= 0.83). Whereas TAMRA particles have shown weak co-
localization with mitochondria (PCC= 0.09). These findings indicate that pH sensors
most likely prefer to locate in lysosomes but not in mitochondria. On the other hand,

oxygen sensors are potentially localised in the cytoplasm.
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From the data shown in Figure 5-2, it can be suggested that the fate of pH-sensitive
polyacrylamide nanosensors is to localise in the lysosomes, whereas presence of Pt
porphyrin on the surface of particles would induce an alternative cellular uptake route.
The images indicate that the oxygen nanosensors are not localised within the

lysosomes or associated with mitochondria, they may be within the cytoplasm.

Nucleus LS ¢ Nucleus

Nucleus Nucleus

Figure 5-2: Intracellular co-localisation of (A) TAMRA coupled with oxygen and (B) TAMRA
nanoparticles with mitochondria and lysosomes. Mitochondria and lysosomes labelled with
cellLight® (green), TAMRA/O2 and TAMRA particles (red), nucleus (blue). Co-localisation were
determined by super-resolution microscopy by calculation Pearson’s Correlation Coefficient
(PCC) of images. Scale bar=10 pum.
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The escape of nanomaterials from endo-lysosomal compartments within cells has
been observed in other studies though the mechanism for this remains under debate
[18-21]. It is postulated that a number of factors play a role in oxygen nanosensors not
associating with lysosomes. These include nanosensor composition and surface
chemistry (amino functionalities), hydrophilicity and osmotic imbalance which could
cause rupture of lysosomal membrane [250]. Another possibility is that oxygen
nanosensors are directly trafficked to the cytoplasm. However, further studies are
needed to confirm this, potentially using a cytoplasm marker and following different

time points in order to track nanosensors in cell compartments.

In Figure 5-2 B, TAMRA particles are seen inside the vesicles ring of lysosomes which
show yellow colour in merge images of labelled lysosomes and TAMRA patrticles.
Conversely images do not show co-localisation with mitochondria. Interestingly,
TAMRA particles are observed to the periphery of the nucleus which display definitely
that particles inside the lysosomes. Previous reviews have discussed that lysosomes

are present mainly to the nuclear periphery [251, 252].

In this context, if we assume that oxygen and pH measurements indicate the
intracellular location of sensors after 24 hours uptake, the design of pH and oxygen
nano-diagnostics is a significant insight. As a consequence, these results provide data
where the oxygen and pH and gives information when and what the nanomaterials

affected by biological environment.
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5.2.3 Respiration assay (ratiometric imaging of hypoxia)

Developed oxygen nanosensors were fabricated as described in chapter 2 and tracked
in the cells as shown in previous (section 5.2.2) for measuring oxygen concentration
intracellularly. Cellular respiration has been quantified previously using nanosensors
[253, 254]. It was mentioned that technical measurements of biological oxygen
concentration is challenging and difficult to be accurately determined. However, what
can be clearly seen is that bio-imaging techniques for measuring oxygen is a trend that
is building. In addition, detectable fluorophores can be mixed to acquire more reliable

data.

Oxygen bio-imaging is a way to determine the dynamic metabolism. Thus, liver cells
which are derived from a highly vascularised organ have been chosen as an exemplar
to investigate whether nanosensors can measure biological activity. In this study, we
aimed to assess the applicability of an endpoint respiration assay which could

eventually form the basis of a cell toxicity testing platform.

To evaluate the response to oxygen in live cells, the cells were treated with different
doses of acetaminophen. Additionally, cells were treated with methotrexate 250uM,
propranolol 5mM and antimycin 5uM. Each of these drugs has a different toxic
mechanism effect on mitochondria. Thus, we hypothesised that exposing cells to these
drugs could give different respiration and hence oxygen levels, according to the effect
on mitochondria. Cells imaged using Nikon wide field microscope and the data was
analysed using image J. The analysis steps are explained in methodology (Chapter

2).
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The results shown in Figure 5-3 indicates the toxicity mechanism of acetaminophen
by using 1, 5 and 25mM dose. The results show a slight shift of the histogram to higher
oxygen concentration to 2.3 % (3 x 10 -2 mM) with decrease of pixel frequency in 25mM
treated cells. The increase in oxygen concentration might be due to failure of oxygen
consumption and loss of cell membrane integrity. The noticeable description of
decrease in pixel frequency with acetaminophen toxic dose could be due to
detachment of dead cells which can be seen in mapping image of cells with 25mM
dose. Oxygen mapping of 25mM shows marked reduction in cell number and

subsequently decrease in nanosensors which affect the overall measurements.
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Figure 5-3: Histogram of oxygen distribution in cells. Oxygen concentration in response to 1,
5 and 25uM acetaminophen, statistics based two experimental repeats (n = 5 ROI).
Corresponding colour oxygen maps are shown under the histograms.
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The mechanism of high dose toxicity of acetaminophen in hepatic cells is explained in
a review article by Coen [255]. The main cause of toxicity is production of toxic
metabolite (N-acetyl benzoquinone imine) (NAPQI) by P450 enzymes, specifically
CYP2EL [255]. Another suggested mechanism of toxicity was reported by Behrends
et al [256] found that HepaG2 cells shows overproduction of lactate from glucose as
result of “Warburg effect’. In addition, to its toxic mechanism as CIIl complex inhibitor
as investigated by Prill et al [254] when they studied acetaminophen toxic mechanism

on HepaG2 cell spheroids.

Returning to Figure 5-3, the graph shows that histogram of 1 and 5 mM doses of
acetaminophen shifted slightly comparing to control to 3% and 3.1%, respectively. This
could be attributed to switch of cellular respiration that affect intracellular oxygen
concentration, leading to create spatial oxygen gradient. Further, pixel frequency

decreased with 5 mM acetaminophen dose.

Study of antimycin, methotrexate and propranolol effect on oxygen concentration
shows a significant reduction in oxygen consumption as shown in Figure 5-4.
Antimycin has been extensively used in studying mitochondrial functionality compared
to other reagents because of its direct inhibition effect on cytochrome C [190, 253, 254,
257]. Cell morphology in oxygen mapping Figure 5-4 D indicates necrotic cells that
show as having high oxygen concentration, and therefore are not consuming oxygen,
in mapping image of cells treated with antimycin. The effect of antimycin on the cells
in our results is comparable to that previously reported which also showed immediate
loss of oxygen consumption [254]. This is corroborated by the histogram data showing
the cells treated with antimycin have a higher average oxygen concentration,

determined as 3.1% ( 4 x 10 mM) In addition, histogram in Figure 5-4 shows a lower
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oxygen concentration of approximately 2.2 % (2.9 x10“4 mM) for cells treated with
methotrexate and propranolol, when compared to antimycin. Though it should be
noted that these values are higher than the control that shows oxygen concentration
at approximately 1% (1.3x10* mM), indicating that all the treatments are having some
effect on cellular respiration. Further work to explore the response of oxygen over time
would prove extremely interesting in understanding cellular metabolism of these

pharmacological compounds.
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Figure 5-4: Histogram of oxygen distribution in cells A) control in response to B) 5uM
propranolol, C) 250uM methotrexate and D) 5uM antimycin, statistics based two experimental
repeats (n = 5 ROI). Corresponding colour oxygen maps are shown next to the histograms
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Previous studies suggest that methotrexate toxicity mechanism is related to depletion
of folate which has been shown that affect proliferation, cell arrest and respiration
inhibitory effect [258, 259]. Despite respiration inhibitory effect of methotrexate deduce
the effect on ETC was pointed by Behrends et al in the study of methotrexate toxicity,
he mentioned lack of measuring oxidative stress which is key of mitochondrial
functionality[256]. Moving to propranolol which has been shown an inhibitory effect on
Clll complex [260]. Which expect to have direct effect on oxygen. These would be

another possible area of future research to investigate the mechanism of toxicity.

More recently, literature has emerged that offers contradictory findings about
metabolic bioreactor [254, 256, 261, 262] which is used to monitor oxygen for drug
metabolic functionality screening. However, one of the limitations with bioreactor
technique is that need cells and sensor to be proximity close to be sensitive to
metabolic change that could be affect respiration which require critical preparation
setup. It is important to note that it is challenging to make an oxygen measurement in
live cells due to the difficulty to maintain health status that might effect respiration.
Moreover, continuous imaging may cause photo-toxicity. Because of that in this work,
theory has been built on measured oxygen with toxic and treatment doses of drugs
within the dynamic oxygen range and show cell apoptotic pattern that result in
proliferation arrest.

Having focused attention thus far in this chapter on using nanosensors to measure
differences in cellular oxygen concentration in different metabolic states it is
appropriate to now consider whether the same conditions induce changes in cellular
pH. To do this changes HepG2 cells were incubated with pH nanosensors and then

treated with 1mM, 5mM and 25-mM doses of acetaminophen, as well as 5mM
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propranolol and 250uM methotrexate. The intracellular pH was monitored using wide
field fluorescence microscopy and the images and compiled histograms are shown in
Figure 5-5 and 5-6. For the experiments where different doses of acetaminophen were
added to the cells there is a slight shift of pH to approximately 5.7 with 1mM and 5mM
doses of acetaminophen when compared to pH of 5.5 observed with control cells
(Figure 5-5). The 25 mM acetaminophen treatment shifts the pH to 5.8 with lower pixel
frequency, likely due to detachment of dead cells from the sample plate. In addition,
the data indicates that the fate of pH nanosensors is likely into lysosomes that are
characterised by low pH. This is in agreement with previous results from our group and

proved in this chapter (section 5.2.2).

Figure 5-6 shows the images obtained after treatment of cells with 5mM propranolol
and 250uM methotrexate. Shows small change of pH which reflect minimal effect of
these drugs on lysosomes acidity. While post treatment of cells by antimycin shows
toxic dose effect which cause cell necrosis. As a result of disturbance of cellular
functionality the pH increased which suggest an equilibration effect of nanosensors
trafficking through endoplasmic pathway because a toxic dose of different drugs [36].
This theory, could can be explained in detail by exposing the cells to different doses of
each drugs with determine nanosensor co-localisation within endoplasmic pathway

and the data also may be supported by kinetic information.
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Figure 5-5: Histogram of pH distribution in A) control of HeszceIIs in response to B) 1mM, C)
5 mM, D)25 mM acetaminophen. (n=5 ROI).
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Figure 5-6: Histogram of pH distribution in A) control of HepG2cells in response to 5mM
propranolol, 250uM methotrexate, and 5 uM antimycin. (n=5 ROI).
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The primary target to investigate drug toxicity mechanism is ETC or uncoupled
mitochondrial oxidative phosphorylation by demonstrating oxygen flux. However, there
are secondary targets including molecular regulation and protein trafficking [242].
Higher number of mitochondrial assays were published with different mechanism due
to complexity of mitochondrial physiology. In this work, apoptotic assay were carried
out to study drug effect on apoptotic and necrotic pattern using standard flow cytometry
(Annexin V/PI staining). It has been chosen to support our findings with oxygen uptake

study.

5.2.4 Apoptosis assay

Apoptosis assays were investigated using Annexin V Alexa Flour® 488, which binds
to cell surface markers that are translocated during apoptosis. Whereas, necrosis was
determined using the DNA staining of permeable cell membrane using propidium
iodide. Data were obtained using flow cytometry and analysed using Kaluza software.
The result in Figure 5-7 shows the dot plots of 5 and 25 mM acetaminophen, 250 uM
methotrexate and 5 mM propranolol and 5 pM antimycin. A necrotic pattern was
observed for with the cells treated with 25 mM acetaminophen and 5 pM antimycin.
While, the cells treated with 5 mM acetaminophen, 250 uM methotrexate and 5 mM

propranolol have shown an apoptotic when with compared to untreated cells.
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Figure 5-7: Apoptotic assay of HepG2 cells exposed to different drugs, Data showed mean
luminescence intensity which representative for n=2, (level value of significant *p<0.05).
Representative dot plot apoptotic Annexin V/Pl assay from (n= two different biological
passage).
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The data indicates that there is a link between oxygen consumption and status of cells.
Antimycin and a high concentration of acetaminophen cause cell poisoning that occurs
through a series of sequential events; mitochondrial oxidative stress, depletion of
mitochondrial membrane potential, inability of ATP synthesis, leading to cell necrosis.
The cellular oxygen measurement information provides an indirect indicator to predict

cellular behaviour.

5.2.5 Use of imaging flow cytometry platform to test change of oxygen
intracellularly

There have been continuous developments in flow cytometry instrumentation which
have led to a revolution in determining the cell markers and imaging of cells using
suitable fluorophores. The results from our oxygen sensors and the apoptotic assay
results allied to the developments in flow cytometry instrumentation led us to believe
we may be able to use imaging flow cytometry to determine oxygen concentration per

cells and showing cell status.

Imaging flow cytometry is an advanced instrumental technique that has high
throughput and multi-parametric analysis due to a combination of detecting of single
cell properties (traditional flow cytometry) and collecting more informative spatial
resolution of the cells [263]. The imaging flow cytometer can measure the fluorescence
and light scattering in a high speed manner combined with a camera for imaging which
is indispensable for full cellular analysis such as cell morphology, size, distribution or
spot of labelled molecules within cells [264]. Successful use of such instrumentation
for detecting cells labelled with biomarker tags and oxygen nanosensors is
encouraging the hypothesis that this instrument could be used for kinetic monitoring of

oxygen [265].
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Therefore, experiments were conducted using fixed HepG2 cells which were
suspended into PBS deoxygenated with argon gas and PBS oxygenated with oxygen
gas, respectively. Cell images in porphyrin channel and TAMRA channel shows spots
of nanosensors intracellularly (Figure 5-8, top two panels). Maximum intensities were
measured for porphyrin channel and TAMRA channel and ratio was calculated.
However, the values of the ratio did not show a difference between the oxygenated
and deoxygenated samples. The suggested reason for the lack of change is that the
difference in oxygen concentration could not be maintained as the fixed cells passed
through the instrument and the oxygen concentration equilibrated to give the same

overall oxygen concentration for both sample conditions.

The experiment was changed to test the ratio differences between signals extracted
from images of live HepaG2 exposed to different doses of drugs 5 and 25 mM
acetaminophen, 5 um antimycin and 250 uM methotrexate. The result shown in Figure
5-8 indicates a failure of nhanosensors to detect any change in oxygen concentration.
It is not clear whether this is due to a lack of sensitivity of the nanosensors or the

conditions required in the imaging flow cytometry instrumentation.

146



Normalized Frequency
- - N
o [&)] o
1 1 )

(&)
!

o T Y T T T
(o] 0.3 0.6 0.9 1.2 1.5
Max Pixel_MC_Ch11 / Max Pixel_MC

Normalized Frequency
- "y N
o 4] o
1 1 1

(]
L

T T T T T
o 0.3 0.6 0.9 1.2
Max Pixel_MC_Ch11 / Max Pixel_MC

Normai2ed Froguency
)

.

0 03 o6 09 12

Max Pxel MC Cn11 7/ Max Pael MC Acetaminophen 5 mM

yi |

Bl O NS LA T Antimycin 5uM

Max Poxel_MC_Ch11 7 Max Pixel_MC_Cho3

20
g 10-
g
2 5-
o Y

T

o 03 06 ©08 12 15 MTX 250 uM

Max Pixel_MC_Cnh11 7/ Max Pixel_MC

Figure 5-8: Maximum intensity of Ch:11 ( porphyrin) and Ch:03 (TAMRA) images of HepaG2

cells using image stream instrument
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5.2.6 Study of pH / Oz flux in 3D hepatic cancer cell models using
fluorescent nanosensors

Established methods for determination of pH and oxygen have been performed in two
and three-dimensional culture [266], [247], [267]. However, while 2D cell monolayers
have provided optimised readouts of cell activity or bio-indicators such as pH and
oxygen, 3D cell culture have reported significant differences due to high cell densities.
However 3D cell cultures are deemed to be advantageous as they allow the cells to
be maintained closer to a physiological environment, enabling the cells communicate
with each other across the extracellular matrix [268]. 3D culturing is a platform to
enable analysis of biochemical and metabolic activities of living cells in functional
tissue and organ contexts while allowing for potential high-resolution real-time imaging

and mapping [266].

In this study, the type of cell used is HepaG2 cells which as discussed earlier in this
chapter are human cell line derived from hepatocellular carcinoma. HepaG2 cells
unlike other cells, preserve liver function and CYPs, nuclear receptors, transporters of
membrane, phase Il enzymes in the same level of primary liver cells [269]. While,
HepG2 monolayers are extensively used to test drug toxicity, 3D HepG2 cells are
generally cultured as spheroids and used as tumour models. Usually, tumour models
have a limited diffusion of nutrients such as oxygen, which can lead to strikingly
different gradients within cellular aggregates [270]. Spheroids are made by methods
that enhance cell — cell attachment to keep long-term viability and maintain liver-
specific functions in vitro. Indeed, while methods for culturing spheroids is
acknowledged [267], there has been less focus on measuring the variation of oxygen

levels within the spheroid as opposed to the surrounding medium.
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Therefore an investigation of HepaG2 spheroids treated with oxygen and pH
nanosensors was undertaken to establish whether pH and/or oxygen profiles could be
measured. The size of the cultured spheroids were determined to be approximately

136.29 £ 11.98 um, Figure 5-9.

Figure 5-9: A) HepG2 spheroids mean size is 136, B) distribution of nanosensors in spheroid
treated with pH nanosensors Brightfield, Red is TAMRA channel, Green is OG&FAM.

Figure 5-9 A shows the excellent uptake of pH nanosensors in HepaG2 spheroids. As
in Chapter 4 where macrophages were exposed to pharmacological compounds, the
pH nanosensor-loaded spheroids were exposed to medium containing low and high

dose acetaminophen (5mM and 25mM, respectively) and 16 pM antimycin.
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Figure 5-10: Image histogram of average z stack HepG2 cell spheroids treated with pH
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16uM antimycin. (= SD = 3 ROI) for above corresponding images
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It is critical to determine the methodology of imaging such as magnification, imaging
speed and depth to get accurate quantitative results. It should be noted that these
images were imaged at magnification of 20X, and image intensities were calculated
using average z stacks. The histograms shown in Figure 5-10 were generated from
images of cells treated with pharmacological compounds and show a shift of pH from
5.5 for that of the control to higher values of approximately 5.7, 6 and 6.2 which suggest
a toxic doses of 16 UM antimycin, acetaminophen 5 and 25 mM, respectively. The
reason for increasing pH could be endosome and lysosome rupture as a result of
osmotic swelling [271]. The pH sensing nanosensors can be utilized to dynamically
monitor spheroid pH. The response of nanosensors to pH was very high compared to
pH values showed in Figure 5-6 with monolayer HepaG2 cells and this could be

attributed cell — cell contact.

Following our interest to monitor oxygen in spheroids the aim was to expose them to
environmental hypoxia. As an initial experiment to assess the performance of the
oxygen nanosensors spheroids were fixed using 4% paraformaldehyde then exposed
them to an enzymatic reaction of glucose and glucose oxidase to reduce the oxygen
concentration over time. The spheroids were imaged using a wide field microscope at

different times over a 30 minute period, Figure 5-11.
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Figure 5-11: Fluorescence intensities distribution heat map of ratiometric spheroid images
(fixed spheroid) when exposed to glucose/glucose oxidase at different time point. 0, 10, 20
and 30 minutes. Image J used for map analysis.

Heat maps in this work were represented by ratiometric measurements rather than
absolute oxygen concentration. Figure 5-11 demonstrates the ratiometric brightness
of nanosensors that shows fixed spheroids containing oxygen nanosensors
responding to the environmental decrease in oxygen that is being induced by the
glucose/glucose oxidase reaction. It can be seen that the oxygen levels in the spheroid
initially start high indicated by the yellow colour and then over time are reduced, as
shown by the blue colour. This concept was developed further by applying the

methodology to spheroids that consisted of live cells.
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Figure 5-12shows the variation of oxygen concentration in the spheroids and the
changes over time. From this experiment it is not clear what the effect of the
glucose/glucose oxidase is. It is apparent that at time T=0 the spheroid is in a low
oxygen state. This may be due to the steady state metabolic activity of the spheroid. It
appears that after addition of the glucose/glucose oxidase there is an increase in
oxygen detected by the nanosensors, followed by a decrease over time. The reasons
for this are not clear and so repeat experiments are required to tease out the subtleties

of this process.

Figure 5-12: Oxygen distribution map of ratiometric spheroid images (live spheroid) when
exposed to glucose/glucose oxidase at different time point 0, 10, 20 and 30 minutes
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The images shown in Figure 5-11 and 5-12 were taken on a wide-field microscope,
whereas imaging using confocal microscopy has advantages of extracting more
information from Z-stack images and converting them to 3-D images. For the study to
investigate changes of oxygen in different positions within a spheroid a preliminary
experiment was carried out using doses of mitochondrial uncouples, antimycin and
acetaminophen. Figure 5-13 shows images of Z average of spheroid images exposed
to 16 puM antimycin and 25 mM acetaminophen for 30 minutes that show higher
brightness of nanosensors compared by control which indicate lower oxygen
concentration. By going to deep inside spheroids, nanosensors recognised hypoxic

spot inside spheroid through z stack image analysis.

[1,/1] Control Acetaminophen 25mM Antimycin 16 uM

Figure 5-13: Live spheroid images of oxygen mapping, spheroid exposed to 25mM
acetaminophen and 16 uM antimycin at different time point 30 minutes.

154



From Figure 5-14, we can say that using oxygen nanosensors for determination of
oxygen gradients is applicable by determining the methodology of analysis. Plot profile
in image J was used in this type of analysis for the ratiometric image. The method was
reported previously to determine 3D image oxygen concentration in biofilm [245]. Itis
difficult to generalise the method of analysis and values that generated from the result
because a verities of instrumentation specification and properties and the method used

for analysis.
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Figure 5-14: Plot profile of oxygen concentration change within different Z stack image of
spheroids, Z stack is slice of spheroid in mm.
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5.3 Conclusion

The first aim of this chapter was to determine the cellular fate of oxygen nanosensors.
This is important because it provides the information of the spatial location from where
any nanosensor measurement may originate and that could form part of the
explanation of the physiological mechanism of cellular functionality being investigated.
Cellular tracking of nanosensors have previously been conducted in our group, Desai
et al. state that trafficking of polyacrylamide pH nanosensors in cells results in
lysosome localisation, an observation that the experiments in this Chapter confirmed
(Figure 5-2, 5-3). However, oxygen sensitive nanosensors fabricated using
a polyacrylamide matrix were not located in lysosome. The reason for this is that the
Pt porphyrin conjugated to the surface of nanopatrticles altered surface chemistry and

charge of nanosensors.

The second aim was to assess the use of oxygen nanosensors in metabolic pathway
detection by evaluating mitochondrial activity. This was done by evaluating oxygen in
2D and 3D systems using HepG2 cell line. Due to metabolic enzymatic activity in
hepatic cells, oxygen concentration varied when exposing the cells to different drugs
due to different mechanisms of toxicity. The results provided by the nanosensors
indicated different micro-environmental oxygen and pH measurements depending on
the pharmacological challenge. These results were encouraging to check cell status

and differences induced with various doses of pharmacological drugs.
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Moving to the application of oxygen nanosensors on the 3D spheroid (tumour model).
Previous studies agreed that hypoxic areas in tumours can affect therapeutic efficiency
and so the use of nanosensors to detect spatial and temporal distribution of oxygen
could be beneficial. Because our focus is assessing nanosensor response, the
approach used in these experiments was treatment of cells with nanosensors before
making spheroid. Fixed and live spheroid were investigated in response to glucose
/glucose oxidase reaction by wide field microscope. Confocal microscope has an
advantage of giving more information with Z stack images so more depth. The novelty
is the ability of Pt porphyrin oxygen nanosensors to detect the hypoxia spots in the
spheroid. Interestingly and successfully, doses of acetaminophen and antimycin have

its effect on spheroid area which were demonstrated by plot profile in image J.

However, microscopic analysis using image J was time consuming and process needs
to be consistent to generate results that are descriptive of biological oxygen and pH
change. There is a strong possibility to improve the method of analysis by using high
resolution images that could minimise steps of analysis, as well as further automating

the analysis by running Image J scripts.
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Chapter 6 . Conclusion

To achieve the thesis aims, nanosensors were fabricated, optimised and characterised
in response to changes in molecular oxygen (Chapter 3). Nanosensors were applied
intracellularly using THP-1 differentiated macrophages. Oxygen nanosensors were
calibrated in situ for artificial deoxygenated environment in fixed cells and validated
with live cells using imaging technique (Chapter 4). Finally, nanosensors were used to
implement biological insights in 2D and 3D cellular system by microscopy mapping

technique using HepaG2 cells (Chapter 5).

The conclusion of the studies in each of the chapters are summarised as follows: In
Chapter 2, oxygen nanosensors were designed, fabricated and optimised in response
to oxygen change. Nanosensors that were fabricated are composed of polyacrylamide
nanomaterial decorated by amine groups on the surface to facilitate conjugation of
fluorophores. Pt porphyrin (molecular oxygen indicator dye) was conjugated by
covalent bond and doped with TAMRA (oxygen concentration independent reference
dye). The mass of porphyrin was optimised to 4mg per batch of polyacrylamide
nanoparticles produced. This design produced sufficient emission robust sensors to
obtain a measurement dynamic range between 0 - 21% of dissolved oxygen
concentration. Presence of molecular oxygen quenched fluorescence intensity then

the readout was controlled by using oxygen meter.
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Fluorescence spectrophotometer was the instrumentation used for characterising
nanosensor suspension response to dissolved oxygen concentrations. However, it is
difficult to be used for cellular detection due to need of tedious cell preparation that
might effect cell normal behaviour. Therefore, using another fluorescence detection
instrumentation was a must to represent informative cellular aspects such as
fluorescence detection of nanosensor in response to biological change and illustrating
cell morphology. Fluorescence microscope was the instrument of choice to provide all

of those features.

In Chapter 3, oxygen nanosensors were applied to mammalian cells using ratiometric
measurement with external oxygen concentration manipulation. A hypoxia chamber
that provide humidity, CO2 and oxygen was used to culture cells, mimicking features
of the growth environment in the human body and importantly environmental hypoxia.
The work was started by fixing THP-1 differentiated macrophage to calibrate oxygen
nanosensors using the hypoxia chamber. Images were taken in different oxygen
concentration to calibrate nanosensors. Image analysis was challenging to yield
reliable methodology, however the methodology applied to analyse images with
intracellular pH nanosensors as described by Desai et. al [22] provided a useful

resource.

Some changes of methodology have been made to produce accurate measurements.
The detailed of analysis methodology using Fiji® was described in Chapter 2. Detail
image interpretation methods were produced based on experimental, instrumental
conditions extraction data from images. The result obtained shows the response of Pt-

porphyrin intracellularly to different oxygen concentration.
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Stern-Volmer calibration curve was performed to demonstrate the response of
nanosensor to different concentration of oxygen. As well as, the same equation used
for determining the Ksv which represents the sensitivity of Pt porphyrin to dissolved
oxygen concentrations. Theoretically, the bases of consideration in any ratiometric
measurements especially for those used sensor intracellularly. Nevertheless, large

variations from image analysis which can result in bias the final measurements.

In order to investigate utilisation of nanosensors for biological application, experiments
were performed in immune cell in Chapter 4. Specifically macrophages which are
plastic cells could be transformed to additional phenotypes. The rationale for these
experiments is that it was thought macrophage phenotype would influence sub cellular
oxygen concentration which could be monitored using fluorescent nanosensors. This
is because the macrophage phenotype has different metabolic pathways.. The
resulted of the chapter highlighted that shows that oxygen nanosensors convert the
macrophage phenotype to M1, where as the macrophage treated with pH nanosensors

has no significant effect on macrophage phenotype [275].

It has been hypothesised the reason for this phenotypic shift is the Pt porphyrin
incorporated into the nanosensor matrix, which has ROS generation properties.
Experimentally, it is tested that Pt porphyrin conjugated nanoparticle suspension
generate singlet oxygen. In addition, by using H2DCFDA for measuring H20:2
intracellularly when exposed to oxygen nanosensor, H202 was detected in abundance.
These observations may provide the basis for future studies for monitoring intracellular
ROS concentration whilst exploring its effect on macrophage phenotype. However the
significant modulation in macrophage was detected, oxygen nanosensors have shown

a response to mitochondrial uncouplers antimycin and bafilomycin which has
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kinetically an effect on respiration. To examine its effect as V-ATPase inhibitors, pH

nanosensor was used and have shown to be able to monitor intracellular acidification.

Oxygen heat mapping was used to represent the data and showing the histograms of
oxygen transition with hepatic cells (HepaG2) in Chapter 5. The location of
nanosensors in HepaG2 cells was investigated in lysosome and mitochondria. Super-
resolution was used to determine intracellular location and showed a co-localisation of
nanosensors with lysosomes and no localisation with mitochondria. Further studies of
intracellular location are required to enhance oxygen nanosensor localisation with

mitochondrial targeting.

HepaG2 cells were exposed to different pharmacological compounds to determine
change in oxygen. The aim of this study was to show potential insights of monitoring
oxygen concentration using oxygen nanosensor and investigate the mechanism of
toxicity in mitochondria. In response to acetaminophen at a variety of concentrations,
nanosensors were able to successfully map subcellular changes in oxygen. Toxic
doses of acetaminophen were shown measure higher concentrations of dissolved,
potentiality due to cell membrane permeabilisation. Subcellular oxygen concentrations
were also characterised in response to treatment with methotrexate, antimycin and
propranolol. It has been seen that these drugs effect the subcellular oxygen
concentration and distribution. This is thought to be due to perturbation of the
mitochondrial respiration reflects the pattern of apoptosis and necrosis of cells. Further
investigation needs to be done for tracking the respiration with time when exposed to

the drugs.
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Nanosensors were used in 3D spheroids using imaging techniques to investigate the
response of oxygen nanosensors to hypoxia. The reason for this to show distribution
of response oxygen and detect hypoxic differences in the spheroid microarchitecture.
These findings were provided by analysing images with Fiji software using plot profile
plugin. The obtained results were encouraging for a potential biological insight to test

the penetration of anticancer drugs and examine its action under hypoxic regions.

Future perspective:

Dynamic combinatorial chemistry: Combinatorial chemistry could be used to develop
new and improved fluorophores that could be used for biological sensing [276, 277].
Sensitive oxygen nanosensor based nanoparticles. Dynamic combinatorial chemistry,
offers utilisation of reversible reactions to produce equilibrating mixture of molecules,
known as combinatorial chemistry libraries. This library offers comparing its
composition in presence and absence of the target and determining the library

members with a high affinity for specific target [278].

The instruments used for biological and potentially clinical application require non-
invasiveness and high accurate technique for measurement. In this work, Nikon wide
field microscope was used for measuring oxygen and pH with good capability of
sensing detector. In addition to use confocal microscopy and super-resolution
microscope to get higher resolution images for studying the study of oxygen and pH
flux in spheroid and in situ co-localisation of nanosensors, respectively. New
instruments that permit imaging sensors in biological tissue at depth would facilitate

clinical translation of nanosensor technologies is safety protocols could be established.
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Biomarker and diagnostics: Monitoring of biomarkers in wound healing is necessary
especially for antibiotic response to wound inflammation. Experimentally, the idea was
started to do co-culture of fibroblast and THP-1 differentiated macrophages as method
mentioned [279]. Both types of cells were treated with nanosensors and oxygen was
determined by identifying oxygen distribution in fibroblast and macrophage cells. The
initial mapping results have shown the potential application of oxygen nanosensor to
differentiate between the cell types. As well as explaining metabolic change with effect
of wound healing. It would be valuable to do kinetic real time monitoring of oxygen and
pH in co-culture and examine the presence of antibiotic as a pharmaceutical

application.

In this work, oxygen nanosensors have been used in concept of measuring cellular
respiration. Nevertheless, Conjugation of nanoparticles by specific dyes to target
mitochondria [280] make nanosensors more specific to mitochondria respiration and

enhance sensitivity.
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Covid-19 pandemic impact on PhD study

In 2020, COVID-19 lockdown stopped laboratory work for six months. It was a
challenging time as a PhD student. Interruption for long period of time, change a
planned path of my project. The work in using labs was delayed because the new
strategies with COVID-19. Working in our laboratories required to have additional risk
assessments and permission to use booking system. The cell work was conducted in
life science building, culture hood required to be booked in advanced and this was
need a full prepared plan. As well as, a delay in getting training to use confocal and

super resolution microscopes because the restriction contact to the trainer.

Because the limited time, the project was focused on sensing properties of Pt porphyrin
and was applied in two cell types. Biological assays like HIF detection by ELISA and
detection of real time PCR need specific reagents that was difficult to be conducted.
Finally, the project was completed by bringing into focus the multiple uses of oxygen

nanosensor for biological application.
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Chapter 8 . Appendices

8.1 Appendix A

Chapter 3 Figures:

e Preliminary concentration of porphyrin used in oxygen nanosensors

(0.05pg/mL):
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Figure A.1: A) Flow cytometry dot plot of untreated cells, B) treated cells with absolute TAMRA
dye, C) treated cells with absolute porphyrin dye D,E ,F, G) 50, 100, 250, 500 pg/mL oxygen

nanosensors.
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e Effect of background removal from images which enhances the intensity:

127 ¢ Background
2
» Fi = Substracting Background
c ’.
.. ; "
= 10 H \
n
: . . &
o ’ ° %
= 5 t\ [
- u %
5 54 ig o
2 '
© L]
L]
01 T T T 1
0 20 40 60 80
(Distance) pixel size

Figure A-2: Example of signal enhancement after removing background in image analysis.

8.2 Appendix B

Chapter 4 Figures:

e Examining Pt. porphyrin capability to generate ROS by using ABMA:
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Figure B-1: Reduction of ABMA intensity with presence of porphyrin nanosensors which
indicate H202 production.
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e Monitoring oxygen consumption by using fluorescence plate reader:
challenging macrophage cells with LPS and IFN-y
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Figure B-2: Monitoring effect of LPS and interferon y on oxygen consumption in macrophage
cells Data represents n =3 repeat and error bars =SD.
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e Characterisation of pH nanosensors
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Figure B-3: A) Spectrum of pH nanosensors response to different pH ranging between 3 - 8
which represents physiological pH. B) pH nanosesnsors calibration curve. C) Nanosensor
response to inhibition of phagosome acidification. Cells were treated with nanosensors for 24
h and treated with Bafilomycin Al (inhibitor of phagosome acidification for 30 minutes and 60
minutes). (n = ~ 20 cells) error bars represent SD. Statistically significant (P < 0.05).
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e Effect of continuous imaging on morphology of macrophage cells

Figure B-4: Morphological change of macrophage as a result of continuous imaging of
nanosensors that prove Pt porphyrin generation of ROS.

e Dual pH and oxygen nanosensors
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Figure B-5: Effect of different pH range (3 - 7.5) on the intensity of porphyrin (used for sensing
oxygen) in dual oxygen and pH nanosensors
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