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Summary

There is a need to perform comprehensive cell biology studies transferable across
culture platforms using innovative cellular models. The higher purpose is to bridge
the gap between in vitro cell culture and in vivo models.

In this thesis a significant advance is presented in the embedding of an innovative
optical biophotonic capability for the dynamic interrogation and single cell tracking of
human osteosarcoma cells encapsulated in the hollow fiber (HF) platform. Two
approaches have been implemented: quantum dot (QD) nanoparticles providing
proliferative and cell cycle readouts; and an in-fiber light illumination providing
global features of particle and cell density.

An in vitro HF encapsulation model was developed and characterised against standard
two-dimensional tissue culture (TC) using the human osteosarcoma U-2 OS cell line
expressing a cell cycle fluorescent reporter (cyclin B1-GFP). Analysis of the packing
and orientation of cells in the HF revealed that they grow like an anchorage dependent
adherent layer. Overall cells in the fiber displayed a slower cell cycle traverse and a
differential sensitivity to clinically relevant doses of the anticancer mitosis-inhibiting
agent Taxol compared to cells under normal TC conditions.

Comprehensive gene profiling, with bioinformatics and ontology network analysis,
showed that the HF cells presented high steroid related but low differentiation gene
expression. Specific biomarkers were indentified, and it is suggested that the HF
model displays features that are closer to an in vivo tumour.

A flow cytometry cell-tracking approach using QD labelling was validated and
applied to the HF model for the first time. This represents an “embedded” biophotonic
system where the QD sensors are integrated directly into the seeded cell population
and then redistributed through the daughter cells, thus reflecting patterns of lineage
expansion. This provides sub-population parameterized information on cell-cell
heterogeneity and cell division.

A biophotonic HF prototype comprising the integration of direct coupled-light
excitation in the HF was conceived, this revealed the potential and limitations to
detect the presence of cells inside the HF lumen by analysing light attenuation
changes.

Finally a “systems cytometry” acquisition concept has been proposed, comprising the

use of embedded engineered nanoparticles as single cell “nano-memory” biophotonic
intracellular probes.
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Chapter I - Introduction

1 INTRODUCTION

1.1 The hollow fibre (HF) implant

It is now becoming increasingly clear that traditional methods of cell culture, growth
and manipulation on two-dimensional (2D) surfaces in cancer research are insufficient
for the new challenges of cell biology and biochemistry, as well as for pharmaceutical
assays. 2D cell cultures do not adequately represent the functions of three-dimensional
(3D) real in vivo tissues that have extensive cell-cell and cell-matrix interactions, as
well as markedly different diffusion/transport conditions. The developments in 3D in
vitro models are continuously expanding our understanding of the tumour cells with
an environment “closer” to an in vivo situation (Abbott 2003; Birgersdotter et al.
2005; Butcher et al. 2009; Feder-Mengus et al. 2008; Griffith and Swartz 2006;
Weigelt and Bissell 2008; Yamada and Cukierman 2007).

There is a need for innovative tumour models that are capable not only of recreating
distinct tumour-mimetic niches, but allow for in vitro and in vivo tumour modelling
under well defined and reproducible conditions (Fischbach et al. 2007; Hutmacher
2010; Lee et al. 2008; Moreau et al. 2007). At the same time areal challenge is to
develop interrogation techniques (e.g. imaging or biophotonic) that allow dynamic
assays to monitor biological activity and therapeutic agents responses applied to both
2D and 3D in vitro, with relevance to in vivo whole animal pre-clinical research
models and perhaps clinical situations (Cosgrove et al. 2008; Dothager et al. 2009;
Kobayashi et al. 2010; Ntziachristos et al. 2005; Pampaloni et al. 2007; Provenzano et
al. 2009; Qian et al. 2008; Sahai 2007; Weissleder and Pittet 2008).

In this thesis the Hollow Fiber (HF) implant (Hollingshead et al. 1995a) has been
developed to emulate an encapsulation culture platform which addresses the above
challenges. The HF implant was developed by Hollingshead et al. 1995a
representing a technical innovation that emerged from the National Cancer Institute
(NCI) anti-cancer drugs screening program, and was an evolution of previous
techniques based on the cultivation and encapsulation of cells (Casciari et al. 1994;
Lanza et al. 1991). The HF assay, as it is currently used at the NCI, is part of the drug

screening process prior to the xenograft studies. In brief, tumours cells are grown
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within a biocompatible encapsulation modified HF porous membrane, permeable to
substances with a molecular weight <500 kDa, it therefore acts as a confined tubular
3D culture micro-environment. The “closed” HF can be surgically implanted in the
animals host to examine the pharmacodynamics properties of the administered drug
thus providing access to the HF compartments and allows for the evaluation of tumour
responses to drug treatment.

The key goal of using the HF implant, to date, has been to decrease the time and cost,
both financial and in the number of animals used, to evaluate initial efficacy and
evidence of a compound's capacity to act across physiological barriers. Therefore this
system is generally used as a pre-screening step before human xenograft testing is
undertaken (Sharma et al. 2010). Due to the HF intrinsic characteristics, the
application areas have also been expanded beyond of the role to undertake target-
oriented biological assays in conjugation with, for example: microscopy and flow
cytometry analysis of the HF retrieved cells to study in detail the drug action (Suggitt
et al. 2004; Temmink et al. 2007) gene expression profiling (Wang et al. 2006; Wang
et al. 2008) and more recently dynamic bioluminescence imaging interrogation
(Hollingshead et al. 2004; Zhang et al. 2008a).

1.2 Statement of thesis challenges

The principles addressed in the introduction exploit the core HF features in
conjugation with a biophotonic approach for bridging the gap between culture
platforms (see Figure 1.1), these features include. First, the HF effectively represents a
“transferable” cellular platform that can be manipulated in vitro and/or implanted into
animals for pharmacodynamic/pharmacokinetics testing and importantly cells
retrieved without external cell contamination for further processing and analysis of the
changes to the discrete originally loaded population. Second as a ‘bounded’ cellular
system or implant it provides a physical structure in which biophotonic components
(i.e. nano-sensors or electronic detectors) can be included at a micro/macro level in
order to continuously monitor the progress of tumour expansion or growth over time.
This underlines the basis for an integrative imaging/cytometry approach to

dynamically track cell proliferation and lineages across different platforms.
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1.3 Principle to construct a tumour cell system providing a
“degree of control”

1.3.1 Encapsulation systems

Cell encapsulation aims to entrap viable cells within the confines of matrices or semi-
permeable membrane barriers. Encapsulation physically isolates a cell mass from an
outside environment and aims to maintain normal cellular physiology within the
permeable barrier. These methods have been developed based on the promise of its
therapeutic usefulness for tissue transplantation (Lanza et al. 1991; Thanos et al. 2010)
and also testing the in vivo activity of chemotherapeutic drugs (Gorelik et al. 1987).
Transplanted cells are protected from immune rejection by the barrier, potentially
allowing transplantation (allo- or xenotransplantation) without the need for immuno
suppression. Four aspects are critical in the development or success of the
encapsulation approach, namely the platform permeability, mechanical properties,

immune protection and biocompatibility (Uludag et al. 2000).

Numerous cellular encapsulation techniques have been developed over the years, and
are generally divided into two classes: Micro-encapsulation, involving small
spherical capsules (0.3-1.5 mm), most of them produced from hydrogels matrices,
like alginate. Some recent examples involve micro-fluidic “chip” technologies for the
production of perfectly spherical and with a fine size range of alginate microspheres
(Workman et al. 2007). Macro-encapsulation, involving a larger planar or cylindrical
geometry, living cells physically isolated from directly interacting with host tissue by
enclosure between two or more selectively permeable flat sheet membranes or within
the lumen of a semi-permeable tubular membranes or hollow fibers (Casciari et al.
1994; Hollingshead et al. 1995a; Lanza et al. 1991). These encapsulation platforms
rely on the host animal’s own homeostatic mechanisms for the control of pH,
metabolic waste removal, electrolytes, and nutrients inside the encapsulation micro-

environment (Uludag et al. 2000).

HF membrane encapsulation is the primary focus of the present thesis. It is important
to note that HF technologies have found a range of applications (Ulbricht 2006)
including cell filtration and bioreactors culture systems (Uludag et al. 2000)
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times and maintaining higher viability and cell morphology. This type of bioreactor is
widely applied for the production of high value biological molecules/cells for
pharmaceutical or research use, such as the production of cytokines (Lamers et al.
1999), monoclonal antibodies (Jain and Kumar 2008), recombinant proteins and
viruses (Kalbfuss et al. 2007), hepatocyte culture (Schmelzer et al. 2010),
extracorporeal hepatic assist devices (Chen and Palmer 2009; De Bartolo et al. 2009;
Lu et al. 2005a) and rat bone marrow fibroblastic models (Ye et al. 2007).

The above HF bioreactor could also have the cells growing attached to the HF inner
wall, with the nutrients in same manner supplied through the fibers and the waste
disposal by outer-fiber medium. This type of culture configuration has been applied to
specific endothelial cell models, where the cells attach to the inner wall surface are
subject to a uniform shear stress which is directly proportional to the inner fiber flow
rate, this is vital to maintain appropriate cell phenotype (Godara et al. 2008;
Westmuckett et al. 2000). It is possible also to have two different types of cells
growing in the bioreactor in co-culture models, one type inside the HF lumen and
another in the extra-fiber space, for example as a model of the in vitro blood-brain
barrier (Cucullo et al. 2008). Another HF model (Figure 1.2-b), consists of murine
lung epithelial cells (MLE-15) culture in an semi-permeable HF within an air-liquid
interface, with controlled airflow through the microfiber interior, trying to mimic the

characteristics of a lung tissue micro-environment.

1.3.3 HF /n vivo implant

1.3.3.1 HF implant - NCI anticancer drugs screen

The development of a therapeutic agent is costly and time-consuming with thousands
of potential agents needing to be evaluated every year. Since 1990, the NCI in the
USA undertook the operation of a 60 cell line in vitro screen assay to define novel
anticancer agents. The screening process began to generate anticancer drug candidates
requiring further evaluation using in vivo models for the compounds identified as

possessing some evidence of anti-proliferative activity in vitro (Decker et al. 2004).
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Although various models using human tumors xenografted into immunocompromised
mice have proved invaluable in chemotherapeutic agent development and assessment,
they are accompanied by various limitations including high costs associated with
large-scale screening, time, and the numbers of mice required. The empirical dosing
and development of pharmacokinetic assays for each compound evaluated in
xenograft models acts to greatly reduce the rate at which compounds could progress to
the clinic (Decker et al. 2004; Hollingshead et al. 1995a; Suggitt and Bibby 2005).

To address this problem, Hollingshead et al. 1995a developed the HF assay. The HF
assay is an in vivo test that involves the short-term growth of tumour cells within
biocompatible polyvinylidene fluoride (PVDF) hollow fibres, permeable to substances
with a molecular weight <500kDa, surgically implanted in mice. The NCI HF assay
protocol (Figure 1.3) involves the in vitro culture (24-48 hours) of a panel of 12 cell
lines inside HFs, followed by in vivo implantation at intraperitoneal (i.p.) and
subcutaneous (s.c.) sites of nude mice. The assay has the potential to simultaneously
evaluate compound efficacy against a maximum of six cell lines (three cell lines/fibres
per site). Mice are treated with test compound at two doses for up to 4 days, fibres
excised and the viable cell mass contained within the intact and closed HF are
analyzed for cell viability using a modified 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide dye conversion assay (MTT assay) (Alley et al. 1991;
Hollingshead et al. 1995a).

The MTT assay is a quantitative colorimetric assay (measuring changes in
absorbance) for estimating cell survival and proliferation (cell growth); it is
extensively used for the screening of anticancer drugs (Hamid et al. 2004; Mueller et
al. 2004; Vellonen et al. 2004). The MTT assay was first described and performed by
Mosmann 1983 with later modifications suggested by Denizot and Lang 1986 . In
living cells, the membrane permeable yellow MTT tetrazolium salt is reduced to
purple formazan, which is membrane impermeable. MTT reduction is generally
attributed to mitochondrial activity, but it has also been related to non-mitochondrial
enzymes and as well as to endosomes and lysosomes (Berridge and Tan 1993; Liu et
al. 1997). This reduction takes place only when the enzymes are active and thus the

conversion can be directly related to the number of viable cells. The reduced formazan
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1.3.3.2 HF implant - HF assay advantages versus xenograft model

The HF assay obviously does not replace traditional xenograft systems, in part
because it does not replicate the complex interactions of tumour cells with normal host
tissues. The value of the HF assay is in serving as an initial point of triage to indicate

which compounds should be studied further in detailed xenograft studies.

In comparison with a traditional tumour xenograft model, the HF assay offers several
additional advantages: 1) it allows retrieval of tumour cells uncontaminated by host
cells for subsequent analysis; 2) it permits a shortened evaluation time and, therefore,
reduces the consumption of test compounds; 3) there is no significant change in the
volume of the implant or in the weight of the animal; 4) there is no limitation on cell
type, therefore tumour cell lines that do not form tumours in animals can be evaluated;
5) it allows for multiplexing, where several HFs, each filled with a different cell type,
can be implanted in one animal, and the in vivo effects of a test compound on these
cell types can be evaluated simultaneously; 6) together these greatly reduce the
number of animals for screening a compound; and 7) overall HF are a simpler and a
cost-effective screening method to run (Decker et al. 2004; Sharma et al. 2010; Zhang
et al. 2007; Zhang et al. 2004).

1.3.3.3 HF implant - applications beyond anticancer drugs screening

Although the use of the HF assay, as described previously, was based purely on cell
growth analysis, the HF implant intrinsic characteristics presented further advantages.
For example, the potential to selectively load and retrieve a “controlled” cell
population from the HF for various types of biological analyses. The HF provides a
well defined and reproducible assay conditions, which makes it possible to employ
this system for specific cell studies and evaluate parameters that would be otherwise

more difficult to analyse on a purely xenograft system.

Many authors have explored these opportunities to perform target-orientated
approaches to the cells in the HF, through pharmacodynamic end point measurements,
such as determining DNA damage induction, apoptosis, cell cycle perturbation and
gene expression changes (Bishai and Karakousis 2006; Bridges et al. 2006; Hassan et
al. 2001; Heindryckx et al. 2009; Jonsson et al. 2000; Liu et al. 2004; Sadar et al.
2002; Suggitt et al. 2004; Temmink et al. 2007; Wang et al. 2008).

11
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For example, Hollingshead et al. 1995b were the first to have looked beyond cell
survival assays as a measure of compound activity using the HF assay. Human
lymphoid cells infected with the human immunodeficiency virus (HIV) were retrieved
from fibres after treatment with antiviral agents, and levels of p24 cell membrane
protein antigen and reverse transcriptase activity measured (Hollingshead et al. 1995b;
Taggart et al. 2004).

The advantage of being able to retrieve a “pure” cell population from the HF, without
host cell contamination, was particularly evident in studies on prostate cancer cells
(Sadar et al. 2002; Wang et al. 2008), where the developed LNCaP HF model
provided a means of obtaining pure populations of LNCaP cells for gene expression
| analysis during the different stages of progression to modified androgen dependency.
A study by Suggitt et al. 2004 reported the use of HF to investigate the effects of the
standard agents such as Taxol and combretastatin A1 phosphate on cell tubulin and
the subsequent effects on cell cycle kinetics using laser confocal microscopy and flow
cytometry (Suggitt et al. 2004). A recent study (Temmink et al. 2007), addressed the
in vivo role of thymidine phosphorylase/platelet-derived endothelial cell growth factor
in influencing the pharmacodynamic and cytotoxicity of a new fluoropyrimidine base
drug formulation (TAS-102) in colon cancer cells, by the analysis of the cell cycle and
apoptosis of the HF-retrieved cells using flow cytometry and histochemistry.

The HF platform is not intended to replace the more detailed biological models, such
as transgenic or knockout animal models that allow insights into biology and
pathogenesis. Further it cannot mimic the range of interactions of tumours with host
tissues in terms of stromal or indeed immunological responses (Decker et al. 2004). In
essence, the HF platform represents an attempt to establish a transferable in vivo and
in vitro assay system with known performance. It attempts to combine both the in
vitro qualities of easy manipulation and versatility, with some degree of the in vivo
complexity. The HF therefore presents one option for a “controllable” tumour model
within a confined micro-environment with free diffusion of cell nutrients/drugs/waste,
which can be surgically implanted in the host were the test cells will continue to be

easily accessible and confined on a defined “bounded vessel”.

12
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Indeed, in the current thesis classical commercial cytometric instrumentations have
been exploited, each exemplifying the integration of the four biophotonic components
(see chapter 2.4.1). For example, this includes a flow cytometer platform where a laser
[light source] is directed onto a hydrodynamically focused stream of fluid to examine
human osteosarcoma cells retrieved from the HF [targetr subject]. Photomultiplier
tube (PMT) [detectors] are aligned with the light originating from the stream-laser
focus point providing signals for forward scatter (monitoring an approximation of cell
size), side scatter (cell granularity) and several other acquired spectrally distinct
fluorescence emissions from cells labelled with reporter dyes, such as DRAQS and
propidium iodide, or fluorescent proteins such as GFP [sensors]. These outputs are
then [interpreted] using analysis software for multi-dimensional data to quantify
biological features including the cell cycle. Spatial aspects of the cells [target
subject] are then added to the complexity of the biophotonic-cytometry output using
micro and macro-imaging dynamic assays techniques thus providing further

contextual information.

Over and above the classical approach for undertaking cell-based assays the technical
objectives of this thesis were to exploit the HF encapsulated platform features
(introduced in the previous section) and integrate the biophotonic components to
accumulate a signal that reflects proliferation and orientation of tumour cells in the
HF. The first, was to integrate far-red fluorescent semi-conductor quantum dots (QD)
functionalised so they could be taken up into live cells. The approach was to use this
QD nanoparticles signal to obtain a parameterized proliferative history of cells in the
HF. A second objective was to develop the concept of a micro-device where light is
embedded [source and detected] directly at each end of the HF cavity and where cells
perturb the light path according cell size, cell number and orientation. Therefore an
understanding of how light interacts with biological material is essential to succeed in

these objectives.

1.4.2 Light-biological material interactions: transmission, reflection,
refraction, scatter and absorption

This section provides a brief overview of light interactions with biological material

with emphasis on visible wavelengths. Light propagates as an electro-magnetic wave

14
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with specific properties: frequency (number of cycles per unit time — hertz (Hz)),
amplitude (amplitude is the height of the wave, being related to its energy) and
wavelength (distance from peak to peak — nanometers (nm)); the light intensity is
related to the number of waves or photons of light that arrive for example, at a
detector. These waves could interact with matter molecules, consisting of atoms with

electrons that vibrate at specific frequencies. Light can be transmitted, reflected,
refracted, scattered and absorbed by the target subject molecules.

A schematic representation of the the interactions of light with biological matter when
incident light encounters a point (P) at the boundary of two media with different
refractive indexes is shown in Figure 1.5-a, this can be modified as follows for the
hollow fiber context:

Reflected light occurs at the interface between the two different media returning to the
media from which it originated. This is one of the main principles behind the ability of
optical fiber to keep light inside the fiber core acting as waveguide (Russell 2003).
The light is guided down the core of the fibre by an optical cladding outer layer with a
lower refractive index that traps the light in the optical fiber core and potentially this
could be reproduced in the HF. Transmitted light through the sample matter (for
example HF-encapsulated cells) being to some extent refracted at a different angle at
the media interphase; scattered in all directions with the same wavelength but lower
amplitude or absorbed by the molecules at specific wavelengths, resulting in a
decrease of the ratio of incident light to emitted light at that wavelength (White and
Errington 2005). This represents the main principle behind a cuvette
spectrophotometer where using the amount of absorbed light at a particular
wavelength for a specific molecule and by applying Beer’s Law it is possible to

calculate the molecule or compound concentration.

The light absorbed by a molecule results in increased vibrational and rotational energy
of the inter-atomic bonds and/or promotion of electrons to higher energy levels. This
energy may eventually be lost from the molecule through non-radiative transition.
Alternatively, in the case of some specific chemical compounds, the energy in these

excitation states may be emitted as fluorescence light (e.g. at visible wavelengths)

15
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wavelength range, quantum yield and photostability, with some agents having binding
affinities for macromolecular structures or discrete chemical entities or convenient
distribution profiles for organelles (Giepmans et al. 2006; Smith et al. 2002).
Exploitation of the functionality of particular fluorochromes, in terms of cellular
penetration, compartmentalization and affinity for cellular components is a well
established approach in cell-based assays. In high-content screening assays there is a
demand for segmentation with respect to major cellular compartments to allow
translocation of specific signals to be assessed through algorithm-driven routines. For
instance, propidium iodide (PI), a DNA intercalating dye, depicts the cell nucleus
providing DNA content information. PI is excluded from viable cells and therefore
can be used to positively identify dead cells in a population (Darzynkiewicz et al.
1994). Another example is DRAQS, a far-red fluorescent cell-permeant
bisalkylaminoanthraquinone that acts as a DNA label (Smith et al. 2000; Smith et al.
1999). Key advantages of DRAQS exploited within the current study include a simple
labelling protocol, spectral compatibility with other markers (i.e. GFP, FITC) and a
capacity to rapidly enter and intercalate with the DNA of living cells.

However, for the studies conducted in this thesis there were several requirements for
the fluorescent contrast agents to depict cell cycle, cell viability and global
proliferative parameters on live proliferating cells over time. At the same time there
was a need to consider the ‘transferable’ feature from in vitro to in vivo and the
preference near infra-red (NIR) probes to ensure maximum photon collection; this is
discussed in the next sections where the biophotonic integration into the HF is
addressed. Clearly there is a move towards assays in which there is retention of
functionality of cells and cross-platform analysis imaging/biophotonic solutions
(Hutmacher 2010; Kobayashi et al. 2010; Ntziachristos et al. 2005; Pampaloni et al.
2007; Provenzano et al. 2009). This thesis focuses on dynamic proliferative signal
readouts from live cells — specifically what could be termed as “tag and track” and

therefore the implementation of contrast agent becomes more critical. .
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1.4.3.1 Fluorescent probes properties for dynamic assays

There are many fluorescent optical probes specifically available for imaging live cells
(Watson 2009). Probe properties have to allow repetitive time points acquisitions,
perhaps inside the tissue of whole animal hosts, to show probe signal emission activity
and location changes over time. The ratio between fluorescent probe signal and
background (auto-fluorescence) noise is probably one of the major issues for
fluorescent imaging in general, and for dynamic in vivo imaging in particular, due to
the low probe concentration by volume necessary to balance unwanted biological
perturbation against emission detection. In deep tissues the natural absorption and
scattering of light acts to greatly attenuate and “blur” the emitted fluorescence light
(Ballou et al. 2005) or any other photon originating or travelling through the tissue or
organism (Ntziachristos 2006). For live cell imaging collecting and optimising for the

fluorescence signal output is key since contrast can be described as:

[ . s I — .

contrast X T where na\/(s+b) Equation1-1(White and Errington 2005)

s = average useful signal level (i.e. from biological feature(s) of interest); b=average background
(i.e. from un-interesting features); n=noise (statistical variations in s and b).

The brightness of a probe for live cell imaging is the ratio of the desired signal versus
all possible reactions (i.e. number of fluorescence photons produced for each
excitation photon) called the quantum efficiency or yield (White and Errington 2005).
Photostability of the probe is a particular problem in time-lapse and caused by
repetitive or/and high-intensity illumination conditions that lead to the photochemical
destruction (bleaching) of the fluorophore, undermining the fluorescent signal
readouts (White and Errington 2005). Bio-stability is related to the stability of the
probe in biological environments. Molecular probes may be modified or metabolised
by cells, particularly after internalization; the cellular environment influencing the
optical properties to different degrees, providing a route for the development of
biosensors or alternatively presenting a complication for the long-term tracking of
cells. The requirement of ensuring that the probe does not interfere with the biology
under question in simple terms this is related to probe toxicity and/or perturbation.

The probe could be inherently toxic due its chemical composition (or its metabolites)

18
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or yield a phototoxic effect, usually associated with the production of oxygen free
radicals (Ballou et al. 2005).

Finally, the excitation wavelength should be matched with the absorption of the probe
to maximize fluorescent signal. A key strategy for in vivo imaging is the use of NIR
light. This is because hemoglobin (the principal absorber of visible light) plus water
and lipids (the principal absorbers of infrared light) have their lowest absorption
coefficients in the NIR region of around 650-900 nm. Imaging in this NIR region also
has the added advantage of minimizing tissue auto-fluorescence, which can further
improve target/background ratios (Kobayashi et al. 2010; Wagnieres et al. 1998;
Weissleder and Ntziachristos 2003).

1.4.3.2 Technological advances in the biophotonic interpreter component

Advances in the development of biophotonic interpreter components, in the recent
years, have been invaluable in expanding in vitro and especially in vivo imaging,
converting images or scatter plots into knowledge. This includes developments in
instrument hardware and analysis software, in particular mathematical models for
describing of photon propagation in tissues. This drastically improves the capacity for
obtaining dynamic biophotonic readouts in cells and tissue (see reviews (Bullen 2008;
Leblond et al. 2010; Ntziachristos 2006; Ntziachristos et al. 2005). Furthermore a new
future is emerging, related with the interconnection of all the generated
imaging/biophotonic data with “-omic approaches” for a full integrated analysis of the

biological circuits within a systems biology approach (Campbell et al. 2010; Hu et al.
2007; Megason and Fraser 2007; Peng 2008; Tarnok et al. 2010). Together with the

technological progress of a full range of new probes and cell bio-sensors have been

engineered to enable the tracking of living cells and organisms with corresponding
readouts of many dynamic biological parameters (Giepmans et al. 2006; Kobayashi et
al. 2010; Weissleder and Ntziachristos 2003). Some typical probes appropriate for

tracking cell cycle and proliferation in tumour cells are described next.
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1.4.3.3 Fluorescence — protein reporters

Genetically encoded fluorescent proteins come from a wide range of animals found in
nature and have also been artificially optimized to present enhanced optical properties
and emission wavelengths, including infra-red emission (Shcherbo et al. 2007; Shu et
al. 2009). Typically these protein reporters are genetically encoded and must be
transfected by the means of a vector into the host cells.

Green fluorescent protein (GFP) (Prasher et al. 1992) from the jellyfish Aequorea
victoria was one of the first fluorescent proteins to be used for in vivo imaging,
providing a genetic reporter or fused to endogenous proteins to monitor their
localization, expression in living cells and organisms (Chalfie et al. 1994; Nasevicius
and Ekker 2000; Tsien 1998). Many different mutants of GFP and other proteins have
been engineered (Shaner et al. 2005), in order to improve their properties for in vitro
and in vivo applications; including brightness, stability biological interference and
. wavelength, other properties such as protein expression and maturation efficiency in
the transfected cells has also to be carefully evaluated. Probably one of the most
widely used variant is the ‘enhanced’ GFP (eGFP). eGFP (excitation max. 488 nm,
emission max. 507 nm) is a mutant of GFP with a 35-fold increase in fluorescence in
relation to the wild-type (Cormack et al. 1996) with a re-engineered GFP gene
sequence containing codons preferentially found in highly expressed human proteins
(Chiu et al. 1996; Haas et al. 1996; Zhang et al. 1996), it presents the enhanced
properties required for promoter driven reporter systems in transfected mammalian
cells (Zhang et al. 1996). They have been effectively used in living cells (Muller-
Taubenberger and Anderson 2007; Tsien 1998; Vordermark et al. 2001; Zimmer
2002), and small animal tumour models (Hoffman 2002; Okabe et al. 1997).

In this thesis the genetically engineered eGFP fused to the cyclin B1 promoter and
including a destruction and nuclear locating signal provides a cell cycle stealth
reporter that shadows endogenous cyclin Bl levels (GE_Healthcare 2003) (for a
detailed description see section 1.6.1.2) (Thomas 2003; Thomas et al. 2005) tracking
cells through the late cell cycle. In the current work the reporter is evaluated to obtain
a cell cycle reading directly from HF encapsulated cells; its performance for macro-

imaging the HF cells has been recently presented (Silvestre et al. 2009).
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1.4.3.4 Fluorescence — semiconductor Quantum Dots (QD) particles

Semi-conductor nanocrystal quantum dots (QDs) with size-dependent dptical and
electrical properties were first illustrated by Alivisatos 1996 and their potential for
ultra-sensitive biological detection was unravelled by Chan and Nie 1998 . QDs
typically have a core/shell structure of 2-8 nm in diameter, normally the core is
composed of heavy metal semiconductor crystalline compounds such as CdSe
(Cadmium Selenide), CdTe (Cadmium telluride), InAs (Indium Arsenide) or PbSe
(lead selenide) and a shell made of ZnS (Zinc sulphide). Due to their hydrophobicity
QDs are not soluble in water or biocompatible. For use in aqueous environments they
have to be additionally coated with a hydrophilic layer of different compositions, to
ensure compatibility with physiological media (Michalet et al. 2005).

These nanocrytals present different light emission properties than traditional organic
chemically synthesized dyes or fluorescent proteins. Briefly, the absorption of a
photon with energy above the semiconductor band gap energy results in the creation
of an electron-hole pair (or exciton), the absorption has an increased probability at
higher energies (i.e., shorter wavelengths) and results in a broadband absorption
spectrum. The unique optical properties of QDs include high absorbance, high
quantum Yyield, narrow emission bands and large Stokes’ shifts. The emission spectra
of QDs can be tuned across a wide range by changing the size and composition of the
QD core. The synthesis and engineering of QDs with different semi-conductor
materials have expanded the range of possible emission wavelengths from the visible
to the red and infrared regions (e.g. CdSe may be size-tuned to emit in the 450-650nm
range, CdTe can emit in the 500-750nm range, whereas InAs or PbSe can emit above
800 nm) (Frasco and Chaniotakis 2010; Michalet et al. 2005). This makes it possible
to simultaneous detected multiple targets at different wavelengths with a single
excitation wavelength (Figure 1.6-a).

The advantages of using QDs in the place of traditional organic fluorophores have
been widely reported (Jaiswal and Simon 2004; Resch-Genger et al. 2008). Firstly,
they are highly photo-stable allowing long-term labelling of live cell populations
(Hoshino et al. 2004; Parak et al. 2005). Secondly, QDs are far more chemically stable
and are not so easily metabolised or degraded by the cell. Although, shown to have

21



- %
> $ % & I'"D@ 3
= & !'D(&
5 ; $
'2 "&K1 ( ?
' % & INC(& # ? 1
$ +
'2 % "M@ 3 . I""@ G
IN"H(& # A B 1 ? ; $
‘= & K@ 8 $ & 11/ (
? $ ? -
' ( '"F & 11'J@ E & 11K
gt )
Clitg!! 2 % R J!I
crirgtnt )
j'KI!I!ﬁ!I” 2 % R J! a
o R
1?2272 2?2?27
R RRRARN
i!.!.&!-!.!-
6
clr ciIr 1! KIt K Jito g1t ptt DIt HIT vy
5 Y
2 Y : ; 11L2 Y it . )
# & +=6 9 * % ( Z&# "% $ "& C& &% " % -@ / ,
. & % % ! % &#, $$ % (8, @ K #
- 1) “% " I " S %% St o, I %* ( ( ., % $$
' @ %= 1% , #, #, @ K7?2A &% " -l &% %(&" =
@ % Z&# % & $* = -t (%< # =, (&
( ( & % 9@" K % % = , *<DD* % ' # $D$ " D*& 9
ui227[/
"&C&/I&I 2 1 2 % J!
0 2
'0 1 ? ( 1 "JI



Chapter |- Introduction

streptavidin linked to a biotinylated nine residue L-arginine peptide (biotin/9-arginine)
that promotes cell internationalization (see spectra and schematic Figure 1.6-a and b).
This QD peptide system cell internalization conjugate was developed by Lagerholm
et al. 2004 , with a cell labelling kit commercial application called Qtracker® 705 (see
Cat. No. Q25061 MP, Invitrogen: http:/products.invitrogen.com/ivgn/product/Q2506 1 MP
[2008]). This QD labelling system/kit will be referred in this thesis as QD705. The kit
was used previously for live cell labelling (Buono et al. 2009; Fischer et al. 2009;
Fotos et al. 2006; Lin et al. 2007; Machleidt et al. 2009; Murasawa et al. 2005; Rosen
et al. 2007; Yang et al. 2009) and also in Cardiff in published studies (Brown et al.
2007; Chong et al. 2007; Njoh et al. 2007; Summers et al. 2008) and more recent
publication connected with this thesis (Brown et al. 2010a; Errington et al. 2010;
Holton et al. 2009).

1.4.4 HF platform optical imaging current “state of the art”
biophotonics approaches

Until recently it has been necessary to retrieve the cells from inside the (host and)
fiber for multiple end-point assays, not being possible to perform repetitive time point
acquisitions of the same HF implanted in an animal during a study. This section deals
with all the biophotonics related studies directly used in HF implants previously
mentioned in the literature, focussing on the optical imaging approaches.

1.4.4.1 HF optical imaging — bioluminescence

The feasibility of using tumours cells transfected with luciferase in vitro and also in
vivo to provide a bioluminescent reporter based dynamic assay in the HF was first
demonstrated by Hollingshead et al. 2004 and later further developed (Zhang et al.
2007; Zhang et al. 2008a; Zhang and Kaelin 2005; Zhang et al. 2004).

Bioluminescence represents a chemical reaction that occurs in a biological
environment where of the “by-products” is actually light, without any need for
excitation light as in the case of fluorescence. Similarly to the fluorescent proteins

reporter systems, bioluminescent systems were genetically engineered and refined
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from a range of natural occurring of organisms, including species of bacteria, marine
organisms and insects (Wilson and Hastings 1998). Several gene constructs were
developed and transfected to cells to be used as a reporter system. The most common
enzyme/substrate pairing and also the most useful for in vivo imaging are the
luciferases from the male firefly, Photinus pyralis (Dothager et al. 2009). The
luciferase enzyme catalyses the following reaction: [ATP + luciferin substrate + O, —
AMP + oxyuciferin +PPi + Light (photons)] in the presence of Mg?*. Firefly luciferin
normally produces light with maximum emission at 562 nm (Weissleder and
Ntziachristos 2003). The application of bioluminescence to live animal imaging,
namely pre-clinical research models, is an established technique and has been
extensively reviewed (Contag and Bachmann 2002; Dothager et al. 2009; O'Neill et
al. 2010; Welsh and Kay 2005)

It has been demonstrated (Hollingshead et al. 2004) that bioluminescence could be
detected through the wall of the HF on subcutaneous implants and the capacity of cells
within HF to support bioluminescence demonstrated that there was enough
oxygenation of the contents of the fibre in spite of the lack of vascularisation.
Furthermore, the bioluminescence in subcutaneous fibres following administration of
the luciferin substrate demonstrated the speed with which small molecules substrates
can be distributed systemically. Bioluminescence macro-imaging provides a variety of
advantages to the evaluation of the in vivo efficacy of anti-cancer compounds in HF
tumour implants: First, the ability to perform time series imaging of many animals
simultaneously, using short exposure times (~1 min) using systems with cryogenically
cooled CCD cameras that minimizes any electronics noise, thereby increasing its
ability to detect very low levels of light (photon counting) (see chapter 2.6.4).
Second, the capacity to engineer luciferase constructs reporters for specific promoters
(i.e. transcriptional factors, fusion proteins). Third, the short half-life of the enzyme in
mammalian tissues (about 3 h) and the non-toxic nature of the luciferin (Hollingshead
et al. 2004).

Other studies further demonstrated the relevance of non-invasive in vivo

bioluminescence imaging applied to the HF: A screening approach was applied that

enabled a rapid and continuous evaluation of anti-cancer drugs (i.e. Taxotere and
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Camptosar) inside the fiber without the need to retrieve the HF from the animal. The
overall cell growth or proliferation could be followed by time point (i.e. each 4 days),
up to 28 days, in the same HF implants and animals, using cells lines stably
expressing luciferase (Zhang et al. 2007). The use of engineered luciferase reporter
systems has allowed the monitoring for the activation of specific signalling pathways
on in vivo tumour cells within an implanted HF, upon the administration of drugs, this
is especially relevant for the study of drug molecular targets response (Zhang et al.
2007). This study dealt with the pharmacokinetics of cyclin-dependent kinase 2
(Cdk2) inhibitory drugs (i.e. Flavopiridol and R-roscovitine) responses, using p27-
luciferase fused protein, considering that p27 is phosphorylated by Cdk2 (Zhang et al.
2004). Furthermore, Zhang et al. 2008a proposed a HF implant protocol for the
systematic imaging of molecular pathways of interest using bioluminescent

engineered reporter cells.

1.4.4.2 HF optical imaging — other biophotonic approaches

A thorough examination of all available literature has revealed that, besides
bioluminescence, there is virtually no mention of other bipohotonic dynamic in vivo
techniques directly applied to the selected HF implants, this being also true for in vitro
studies.

The exception was the fluorescént imaging of angiogenesis at HF implant sites in vivo
(Zhang et al. 2007). Using the AngioSense750 probe, (MW=250kDa), a near-infrared
fluorochrome (€X.max750nm / em.myx780nm) long circulating labelled copolymer
“blood pool probe”, used for the localization and tracking of angiogenesis. Briefly,
this probe is impermeable to intact normal vascular vessels while leaks from tumour
vasculature and selectively accumulates in solid tumours. It was used to image the
increase vascularisation around cell filled subcutaneous HF implants, demonstrating

that the inside HF encapsulated cells can communicate with the host tissue.
Bioluminescence was so far the only imaging technique tool systematically used to

interrogate in vivo HF implants. Although this technique has several advantages

compared to fluorescence including practically inexistent background light
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interference and greater sensitivity. However, it presents several disadvantages (for
details see Figure 1.7), such as the dependence of exogenous administrated substrates
plus limited wavelength and intensity of the emitted light (Choy et al. 2003; Contag
and Bachmann 2002; Weissleder and Ntziachristos 2003). Also, identifying luciferase
expressing cells (i.e. by flow cytometry) at the end of an experiment can be
challenging (O'Neill et al. 2010).

1.5 Principle “to consider the requirement for bridging pre-
clinical models and studying linked cellular features in
different environments”

1.5.1 2D surface standard tissue culture limitation

The majority of adherent cell-based studies are routinely performed on 2D substrates
such as plastic planar tissue culture (TC) multi-well plates, flasks and Petri dishes
because of several factors, that include simplicity, convenience and high cell viability
of 2D cultures. It is relatively simple to perform dynamic imaging on these culture
platforms and they offer a coherent planar surface for imaging. However, standard
types of cell culture systems have notably improved the understanding of basic cell
biology and allow control over experiment and analysis parameters, but 2D systems

also present severe limitations.

2D substrates are considerably limited in emulating the complex cell-cell and cell-
matrix interactions, as well as the diffusion/transport conditions present in the 3D
micro-environments of real live tissue. For example, 3D co-cultures used for derma-
toxicity testing showed improved xenobiotic stress resistance to active agents when
compared to the same cells cultured in 2D (Sun et al. 2006). Tissue cells connect not
only to each other, but also to a support structure called the extracellular matrix. This
contains proteins, such as collagen, elastin and laminin, that give tissues their
mechanical properties and help to organize communication between cells embedded
within the matrix; interactions within the extracellular matrix have essential roles in
the regulation of cell behaviour and fate (see review (Geiger et al. 2001)). 2D cultures

lack this structural mechano-architecture and of the complex and unique biochemical
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and physical signals of the extracellular matrix environment characteristic of each cell
type. These drawbacks can alter cell metabolism and reduce functionality, 2D culture
substrates not only fall short of reproducing the complex and dynamic environments
of the body tissues, but also are likely to misrepresent findings to some degree by

forcing cells to adjust to an artificial flat, rigid surface.

Several studies have shown that cancer cells behave differently when comparing 2D
versus 3D cell cultures that may help to explain for example the unsatisfactory results
on clinical performance of a promising 2D models cancer drugs. For example it has
been shown that antibodies against the cell surface receptor pl-integrin had different
capacities to change the behaviour of tumour cells grown in a 3D human breast cancer
model compared to 2D cultures. The 3D cells become non-tumourgenic and lose their
abnormal shapes and patterns of growth contrary to the 2D counter-part (Weaver et al.
1997). One of the reasons behind this different behaviour is related to the cell apical—
basal polarity orientation in the 3-D culture that altered the cells gene expression and
biological responses. These findings have been further expanded by others (Abbott
2003; Weaver et al. 2002; Weigelt and Bissell 2008) where the tumour micro-

environment is to be considered as a target in its own right.

In summary traditional methods of cell growth and manipulation on 2D surfaces
overall and especially in cancer research have been shown to be insufficient for the
new challenges of cell biology and biochemistry, as well as in pharmaceutical assays.
This is why 3D systems are now at the forefront of development tissue engineering
and cancer biology (for recent high impact reviews on this subject see (Fischbach et
al. 2007; Hutmacher et al. 2010; Lee et al. 2008; van Staveren et al. 2009; Yamada
and Cukierman 2007) (Fischbach et al. 2007; Hutmacher 2010; Lee et al. 2008;
Moreau et al. 2007).

1.5.2 Examples of 3D cell culture systems for cancer studies

There is a wide range of 3D in vitro culture systems with different architectures and

support materials, with applications in studies on regenerative medicine, stem cell
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differentiation, organs morphogenesis and tumour models. Engineered tumour models
that try to emulate more closely the 3D tissue structures are pertinent to study the
mechanisms of aberrant 3D behaviour of proliferation and invasion associated with
cancer and therefore provide an invaluable tool for the evaluation of anti-cancer drug
candidates (Burdett et al. 2010; Fischbach et al. 2007). Some examples of 3D in vitro

tumour models include:

Tumour spheroids: By far the most widely used 3D model (Ruei-Zhen and Hwan-You
2008), that corresponds to small, tightly bound cellular aggregate that tends to form
when specific types of cells are maintained under non-adherent conditions. These
aggregates can mimic tumour behaviour more effectively than regular 2-D cell
cultures because spheroids, much tumours, usually contain both surface-exposed and
deeply buried cells, proliferating and non-proliferating cells, and well-oxygenated and
hypoxic cells (Cheng et al. 2009; Robertson et al. 2010).

Gel embedding matrixes: This approach uses gels as a substrate for 3D cell culture,
some of these systems can also be included in the above spheroid models. The semi-
solid substrate includes agarose, collagen, alginate or other gel biological formulation
optimized to within possible promote cell differentiation, migration, and recreation of
the in vivo cellular architecture as close has possible. One of the most used
formulations is the commercial Matrigel matrix, to emulate a tissue basement
membrane (BD-Matrige]™InvasionChamber 2010). It has been used in Matrigel cell
invasion assay, with a modified “Boyden chamber” (Boyden 1962), the chamber
consists of a well cell culture insert with an 8 um pore size polymer membrane, the
upper side of the membrane is uniformly coated with Matrigel matrix. Cells are
seeded on the upper side in medium while in the lower chamber only medium of a
different composition is added. The matrix provides a barrier to non-invasive cells
while presenting an appropriate protein structure for invading cells to penetrate
following the medium chemo-attractant gradient to the lower chamber (Walker et al.
2001). This has enabled the study of cell behaviour and expression of biomolecular
markers associated with cell invasion in several studies (Han et al. 2008; Luu et al.
2005; Soncin et al. 2009; Xin et al. 2009). Although, considered as a ‘true’ 3D culture.
The “real” 3D tumour studies with Matrigel can be traced to the works of (Debnath et
al. 2003; Weaver et al. 2002; Weigelt and Bissell 2008) where cell growth and
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organization formed hollow spherical-like clusters that replicate the numerous features
of breast epithelium, including the formation of acini-like spheroids with a hollow
lumen, apicobasal polarization of cells making up these acini and the basal deposition

of basement membrane components.

QOther engineered 3D models: Recent developments in tissue engineering and
biomaterials fields have precipitated a series of advances in 3D culture system beyond
the simple spheroid or gel matrixes. Tuneable and mechanically superior polymer
matrices (i.e. scaffolds) have been developed as substrates for 3D cancer cells to
provide a more well-defined architecture for tumour cell growth. Extensive review on
this was previous performed (Burdett et al. 2010; Fischbach et al. 2007; Griffith and
Swartz 2006). The most recent example of a new 3D culture technique has been
development of a culture system based on magnetic cell levitation; performed in a
hydrogel consisting of a mixture of several magnetic sensitive nanoparticles and

filamentous, used to manipulate and cluster different cell types (Souza et al. 2010).

The hollow fiber (HF): HF bioreactors provide for specialized 3D cell culture (section
1.3.2). While the HF implant presents a more “stand alone” culture system where the
tumour cells grow inside a semi-permeable tubular confined structure, that can be
used both in vitro and in vivo with all the advantages previously discussed (section
1.3.3.2). The HF implant platform has been recently discussed in context of other 3D
systems (Sharma et al. 2010), the HF alongside other culture systems play an
increasing important role to evaluate the therapeutic efficacy of candidate anticancer
agents. The tumour cells grow inside a permeable tubular confined structure, where
the porous membrane wall presents a physical barrier to contain the culture; as the cell
mass develops evidence of a gradient of cell nutrients/waste between the interior and
the outside also presumably develops (Casciari et al. 1994). This enhanced cell-cell,
cell-wall proximity within the “tubular” HF encapsulated culture structure in some
studies has resulted in different morphologies compared to standard 2D planar
monolayer cultures (Bridges et al. 2006).
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1.5.3 The HF a platform suitable for bridging the gap between pre-
clinical culture systems.

Even though advantages of 3D culture have been demonstrated for some time, they
still present some limitations and are not yet widely implemented in research. There
are several reasons; first, the large deviation within 3D matrix structures and
compositions lead to inconsistencies between cultures, preventing reproducible
experimental data and proper systematic analysis. Second, normally these systems are
more complex and present a high cost to run, which limits the feasibility of large-scale
experiments. To compensate for these challenges, there is a need for the
standardization of 3D matrixes surfaces, along with mass production manufacturing
processes, to enable researchers to take full advantage of 3D cell culture potential (Lee
et al. 2008).

The introduction and application of 3D culture systems brings-up the requirement to
re-evaluate any results from standard 2D culture. So, for a rational transition it is vital
to perform a systematic comparisons of the cell biology in 2D versus 3D cultures, in
terms of morphology, metabolic and signalling activity, response to drugs and
ultimately gene expression (Abbott 2003; Cosgrove et al. 2008; Fischbach et al.
2007). Bridging the gap between 2D and 3D in vitro models represents only a part of
the problem when expanding to the more challenging task of linking standard pre-
clinical cell culture to whole-animal in vivo systems (Hutmacher et al. 2010; Yamada
and Cukierman 2007).

The detailed understanding of the cell biological responses and signalling pathways
between these models will require application of systems-level biological approaches
(Campbell et al. 2010; Hu et al. 2007; Khalil and Hill 2005; Kherlopian et al. 2008;
Megason and Fraser 2007). These emerging approaches will further improve the
ability to bridge the gap between in vitro systems and in vivo. Technologies paving the
way include in vitro models that better reflect in vivo tumours, micro-fabricated
devices of human physiology, and improved animal models. This will enable at the
same time the discovery and research of several new factors that where not
contemplated previously, namely in the cell response to changes of their micro-

environment and to perturbations by cancer drugs or other agents.
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The HF represents a natural 3D in vitro and in vivo platform to bridge the gap between
traditional tissue culture and animals models. First, because it was developed and is
still used mainly as a “fast-track” in vivo model, were the main advantages are the
control of the seeded and retrieved cell population, allowing the easy transposition
from in vitro culture to in vivo. Second, using this 3D platform it is possible to
maintain and retrieve a “pure” cell population from the HF, because the HF
encapsulated cell populations is physically separated form the host tissue on in vivo
implants or other types of cell lines on in vitro co-culture systems. Third, although
very simple and missing the specialized matrixes of other more advances 3D
scaffolds, it represents a standardized well defined structure with minimal concerns of
model/structure reproducibility. Finally, the HF assay is an established drug screening
model, routinely used and therefore there is a rich data source already available to

mine.

There have been some reports using histology to differentiate cell morphology/
organization adopted by specific cell lines compared between the HF in vitro and in
vivo (Bridges et al. 2006). However, no systematic investigation has been undertaken

changing a cell environment from a planar 2D standard surface to the 3D HF culture.

An important question is how the HF culture modifies (or not) tumour cell
morphology and packing, cellular proliferative behaviour (Chapter 3) and ultimately
at the molecular level the gene expression profiles (Chapter 4). At the same time

consideration for the optical interrogation of the HF environment; multi-cellular
packing needs to be considered for multi-modal imaging, expanding on the foundation
studies where optical measurements have been undertaken and used to understand the
changes in absorption and scattering as a response to growth and drug perturbation,
like in spheroids models (Hargrave et al. 1996).

1.5.4 Examples of biophotonic and transferable approaches for pre-
clinical cross platform studies in cancer research

The importance of linking different cell culture platforms in cancer research has been
outlined above; the question now is what single cell tracking approaches are

transferable across these platforms with the best results and highest data output.
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Several end-point techniques, such as flow cytometry and micro-array analysis
provide an important high-throughput cross-sectional ‘snapshot’ at a given time point
reflecting cell population status. These represent static measurements and require
disassembly of the tumour. Imaging technologies on the other hand provide the
possibility of gaining dynamic live cell information in situ to record and track specific
cell parameters. Furthermore, the imaging hardware and technology tools already pre-
developed for interrogating standard flat 2D surfaces or whole animal imaging could
be converted or applied to interrogate several 3D cultures systems (Yamada and
Cukierman 2007) including the hollow fiber.

An extensive range of imaging or biophotonic approaches exist to monitor biological
activity and therapeutic agents responses, applied to both 2D and 3D in vitro, with the
emphasis to in vivo whole animal pre-clinical tumours models and also ultimately
clinical studies. For recent reviews see (Griffith and Swartz 2006; Pampaloni et al.
2007; Provenzano et al. 2009; Sahai 2007; Weissleder and Pittet 2008) with some are
more technological based (Burdett et al. 2010; Cosgrove et al. 2008; Leblond et al.
2010; Ntziachristos et al. 2005; Qian et al. 2008). In the next sections brief overviews
of relevant imaging tools to the present study are presented, namely nanoparticle

probes, fluorescent spectroscopy/tomography and flow cytometry,

1.5.4.1 Nanoparticle probes in cancer studies acting as nano-tags and bio-
sensors

The synthesis and development of all types of nanoparticles have been explored in
many biological applications, with an ever increasing potential for innovation
associated with multi-technological approaches, namely in biophotonics, and offer
remarkable opportunities to study and regulate complex biological processes,
including new therapeutics (Brown et al. 2010c). The biological applications of
several types of nanomaterials and nanoparticles inside living cells has been recently
reviewed in general (Gao and Xu 2009; Lee et al. 2009), concretely related to cancer
diagnostic/therapeutic applications (Rogach and Ogris 2010; Scheinberg et al. 2010;
Yong et al. 2009) and concerning only QDs application (Biju et al. 2010; Ho and
Leong 2010; Rogach and Ogris 2010).
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Overall, QD use with live cells can be divided into two main application areas that
complement each other. First, QDs as “passive” nano-tags or labels for molecular and
cell tracking in biological cancer studies, used as fluorescence contrast agents for
imaging. Together with fluorescence spectroscopy and tomography technologies
make them a preferential choice as a probe for multi-labelling in 2D and also 3D
cultures or for more complex in vivo animal dynamic imaging. Second, acting as a
multifunctional nanoplatform modified or functionalized to act as a sensor to report
various biological cell metabolic responses, for example PEBBLE (probe
encapsulated by biologically localized embedding) intracellular sensors (see (Lee et
al. 2009) for recent review). Or acting as a nanoscale vehicle for the controlled
delivery of agents or photodynamic therapy, targeting cancer cells (Schifer-Korting et
al. 2010). The only issue is that heavy metal-related nanotoxicity impairs QDs
transition to clinical human applications (Kobayashi et al. 2010).

1.5.4.2 Fluorescent spectroscopy/tomography of labelled cells and 3D
tissue
These techniques take advantage of the range of contrast agents or probes available to
enhance the detection of cell, organelles or specific biological parameter being
interrogated. There are underlying differences and several issues between conduction
dynamic fluorescence imaging in vitro and in vivo (Leblond et al. 2010; Ntziachristos
et al. 2005; Pampaloni et al. 2007), being more pressing considering 3D systems.

Fluorescence spectroscopy is based on the analysis of the emitted (or absorbed)
fluorescence from a sample (i.e. living cells/tissue). Normally it involves detection of
cellftissue auto-fluorescence background signal as well as the characteristic
fluorescence emitted from the zarget of interest. In a typical set-up an optical fiber can
be use to guide the excitation/emission light and scan a sample tissue through
multiple-wavelengths using a monochromator. Although, these format provides a high
resolution wavelength versus light intensity excitation/emission spectrum it doesn’t
provide any image structure. This approach has been used in several cancers studies
(Brown et al. 2009).
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Importantly fluorescent spectral based technologies are becoming integrated with
micro/macroscopic imaging. Ideally when studying dynamic complex biological
phenomena in cells and living tissues, besides image the sample as fast as possible,
it’s crucial to capture several channels (multi-channel), each corresponding to a
wavelength range with the use of optical filters and PMT/CCD detector, or an entire
spectrum (multi-spectral) witch provides wavelength versus light intensity resolution.
Some of the most versatile systems in terms of multi-spectral imaging are equipped
with liquid crystal tuneable filters (LCTF), which allow the acquisition of spectral
ranges with a resolution that could be down to a few nanometres (Leblond et al.
2010). These technologies allow the interrogation of several probes associated with
different biological targets simultaneous. Thus mathematic algorithms have been
developed which are able to isolate the contribution of individual probes, including
auto-fluorescence, enabling the producing of an “unmixed” output and enhancing the
analysis of features otherwise un-detected.

The above fluorescent spectral imaging when associated with tomography techniques
presents considerable enhancements to perform dynamic assays in 3D in vitro
platforms or in vivo whole animals. Fluorescence tomography deals with the three-
dimensional reconstruction of the internal distribution of fluorescent probes in deep-
tissues (or 3D cultures) based on light measurements collected at the tissue surface
boundary. One point of distinction of optical tomography compared with other
tomograiwhic high energy methods (i.e. positron emission tomography (PET)) is the
multiple scatter interferences of both the excitation light and the fluorescence
emission travelling back to the tissue surface detection area (see Figure 1.7). This
introduces an intrinsic “blurring” in fluorescence images, an effect that is amplified
the further away the fluorescent farget is from the illumination/detection area at the

surface of the tissue, and hence the main issue in deep-tissue optical imaging.

This is why optical tomography is generally heavily based on the mathematical
physical models of light photon interactions and propagation within tissues. Together
with technological advanced light sources, optics and detectors this allows deep-tissue
three-dimensional reconstitution imaging with some spatial resolution, isolating the
fluorophores probe signals, but the end results, though informative, still present
several issues to overcome (Leblond et al. 2010; Ntziachristos 2006). Today, optical
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correlated data analysis and subset identification, sensitivity with high speed and
generation of vast amount of data (Watson 1991). However the disadvantage is that
the disaggregation of the tissue to obtain a single cell suspension is mandatory,
making it essentially an end-point assay. Even so, flow cytometry presents
outstanding features like a stable high data quality cross platform interrogation
technique. Furthermore, cytometers are available in many research/service
laboratories and are widely used in many types of cell-base culture systems 2D, 3D,
both in vitro and in vivo, including clinical analyses (Ateya et al. 2008; Lugli et al.
2010; Mittag and Tarnok 2009; Sklar et al. 2007; Snow 2004).

Flow cytometry lends itself to the multi-parameter analysis of cells retrieved from HF
systems due to its unparalled capacity to analyse heterogeneous cellular systems,
provide multi-parameter functional information at the single cell level and flexibility
for the analysis of different reporter systems. New biophotonics developments
promise to extend the flow systems into new areas to capture multi-spectra or
spectroscopic measurements (Goddard et al. 2010; Watson et al. 2008; Watson et al.
2009; Wilson et al. 2006; Wojakowski et al. 2009). An emergent feature is the parallel
provision of supporting reagent technologies and this thesis has exploited a GFP cell

cycle reporter and QDs nanoparticles acting as nano-tags suitable for flow cytometry
single cell tracking (Chapter 5).

The application of the principles of cytometry is apparent in the development of
micro-scale flow devices (Hong et al. 2009) and ‘in vivo’ cytometry (Galanzha et al.
2008; Tuchin et al. 2009). In addressing cellular heterogeneity, flow cytometry and
single cell analyses in general start to meet the aspiration to acquire systems levels
insights from the molecular to the whole organism level in describing disease
processes and revealing opportunities for therapeutic intervention. As a result there is
an increasing recognition of the need to progress the ‘flow of cytometry into systems
biology’ (Nolan and Yang 2007), a common aim being to bridge the molecular-
cellular systems gap (Khan et al. 2007; Smith et al. 2007a; Smith et al. 2009). Here,
both instrumentation and knowledge-from-data integration issues present significant
challenges but if solved, will move flow cytometry to an interface with the wider and
more complex systems biology frameworks. The HF model can be viewed as culture

platform for such purposes.
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1.5.5 'Biophotonic component integrated into the HF - culture
platform

Up to this point the described biophotonic approaches aim to interrogate cells using
nano-scale probes (e.g. fluorescent proteins reporters and nanoparticles) and macro-
scale technologies (e.g. imaging using microscopes or the IVIS200). But there might
be a third way that can complement or work in parallel which embraces the implant
opportunities of the HF and the potential offered by micro-technology based devices.
Microsystems technologies for implantable applications are far ranging, (see
(Receveur et al. 2007) from sensors, drug delivery devices to transducers and
actuators used for long-term and temporary applications. Advances include the
miniaturization of biophotonic components, such as light source, detectors and also
wireless technology. This thesis (Chapter 6) deals with an initial preliminary study
toward the development of a biophotonic micro-device approach; where components
such as a light source and detector are “integrated” into the HF for direct “in-fiber”
acquisition readouts. In other words this approach would potentially enable real time
HF tumour cell behaviour acquisition and as an implant would maintain transferability

to in vivo applications.

1.6 HF experimental parameters — model cell system and
drug perturbations

In the present study the intent was to establish and characterize the HF 3D culture as a
cross platform model appropriate for a systems biology approach where the culture is
transferable from in vitro to in vivo. The concept was to develop and execute
benchmark studies to establish a robust in vitro biophotonic-tumour model; and then
to consider with our partners at Bradford University an in vivo implementation. The
selected model cell line was the human osteosarcoma cell line U-2 OS and the
cytotoxic model drugs were Taxol and Colcemid, all described in detail in the

following sections.
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1.6.1 Focus on the human osteosarcoma human cell line U-2 OS as
an appropriate model system

The human osteosarcoma cell line U-2 OS (see next section) was selected for this
study. It provides a wealth of a priori properties for a model cell system, as it has been
extensively characterized in vitro culture (Lind et al. 1996; Pautke et al. 2004),
presenting a relative homogeneous behaviour and genomic stability (Sihn et al. 2005)
and therefore considered to be robust. U-2 OS cells were found to be negative for
most osteoblastic markers (Pautke et al. 2004). Further extensive proteomics has been
used to analyse the proteins of the U-2 OS cell line (Niforou et al. 2008) and therefore
provides a foundation for conducting gene profiling as well as single cell
characterisation. The U-2 OS cell line is routinely used for high-through-put analysis
and drug screening (Vollmers et al. 2008), namely involving steroid receptor
(Paruthiyil et al. 2009). Also, G protein-coupled receptors (GPCRs) have proven to be
a rich source of therapeutic targets; therefore, finding compounds that regulate these
receptors is a critical goal in drug discovery. The Transfluor technology (GPCR-
MolecularDevices 2010) stably expressed in U-2 OS cells utilizes the redistribution of
fluorescently labelled arrestins from the cytoplasm to agonist-occupied receptors at
the plasma membrane to monitor quantitatively the activation or inactivation of
GPCRs (Oakley et al. 2002). Also only few studies attempt to deal with this specific
cell type in a mouse model (Manara et al. 2000). There is still the need for an in vivo
animal model that incorporates all features of the human disease and can be used to
more accurately study key genetic aberrations and also to develop anti-osteosarcoma
agents (Dass et al. 2007; Ek et al. 2006). Finally, previous HF bioluminescence work
(Zhang et al. 2004) used U-2 OS transfected cells with a p27-luciferase fused protein
reporter to monitor Cdk2 activity in vivo and in vitro, but no major characterization

was performed.

1.6.1.1 Human osteosarcoma U-2 OS parental cell line

U-2 OS (ATCC HTB 96) is a human osteosarcoma cell line expressing wild type p33.
(Ponten and Saksela 1967), isolated in 1964 from a moderately differentiated sarcoma
of the tibia of a 15 year old female. Cells are positive for insulin-like growth factor I
(IGF-]) and insulin-like growth factor II (IGF II) receptors and express a number of
antigens (ATCC_HTB-96 2010). Alterations of the TP53 tumour suppressor gene
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appear to be implicated in the tumorigenesis and progression of several types of
human cancer, including different histologic subtypes of sarcomas. In U-2 OS cells
the MDM2 copy number was normal, while the mRNA expression of both the TP53
and MDM?2 genes was highly elevated (Florenes et al. 1994).

1.6.1.2 U-2 OS cyclin B1-GFP G2M cell cycle phase marker (U20S-GFP)

For the purposes of this thesis the U-2 OS cells presented an additional benefit as they
were transfected with the G2M cell cycle phase marker (GE Healthcare, UK), this
reporter is based on the promoter of cyclin Bl fused with eGFP (cyclin B1-GFP)
(GE_Healthcare 2003). The G2M cell cycle phase marker assay employs a non-
destructive dynamic eGFP-based probe to report the position of individual cells in the
cell cycle (Thomas et al. 2005). The construct probe (Figure 1.8-a) comprises cell
cycle-dependent expression, destruction and localization elements from the gene for
cyclin B1(Thomas 2003). This is a tightly-regulated cell cycle-dependent kinase that
is expressed in late S-phase and is subsequently degraded during mitosis (Clute and
Pines 1999; Morgan 2006) (Figure 1.8-b). By quantifying the location and
fluorescence intensity of the expressed reporter molecule, the cell cycle position of
individual cells can be resolved to distinct phases of the cell cycle by fluorescent

microscopy (Figure 1.8-c and d) (GE_Healthcare 2003) and also by flow cytometry
(Figure 1.8-d).

U-2 OS cell line stably transfected with cyclin B1-GFP G2M cell cycle phase marker
(U20S-GFP) has been compared to (Thomas et al. 2005) its non-transfected parental
line for standard in vitro tissue culture. It was reported that the modified cell line
expression of the eGFP cell cycle reporter does not perturb cell cycle kinetics, gene
expression of key cell cycle control proteins and minimally perturbs gene expression
in general. Analysis of the cell cycle duration and cell cycle phase distribution by cell
growth assays and flow cytometry revealed that the two cell lines had identical
doubling times and cell cycle distribution. eGFP fusion protein quantification
indicates a reporter expression level equivalent to endogenous cyclin B1 (7000
copies/cell in G2) and microarray analysis showed a 0.9% (>2 fold at p<0.001 across
20 000 genes) difference in global gene expression levels between parental and cyclin
B1-GFP expressing U-2 OS cells (Thomas et al. 2005).
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1.6.2 | Selected model cytotoxic drugs

1.6.2.1 Taxol (or paclitaxel)

Taxol or paclitaxel (C47H51NO 14, Mw=853.9) is a highly cytotoxic antitumor complex
diterpenoid alkaloid isolated first from the inner bark of the Western yew tree — Taxus
brevifolia (Wani et al. 1971). Paclitaxel is used to treat patients with lung, ovarian,
breast cancer, head and neck cancer, and advanced forms of Kaposi's sarcoma. The
cellular target of Taxol was identified as tubulin, it enhances microtubule
polymerization and stabilizes microtubules against depolymerization, (Schiff et al.
1979; Schiff and Horwitz 1980). Prominent morphologic features characteristic of
Taxol treated cells include the formation of microtubule bundling in interphase cells
and spindle asters during mitosis. Formation of these stable bundles of microtubules
disrupts the normal dynamics of the tubulin/microtubule cytoskeleton and results in
the arrest of cells in G2-M phase of the cell cycle and associated induction of
apoptosis (Amal and Wade 1995; Rowinsky et al. 1990).

However, Taxol action has proved more complex, depending on cell type, and drug
dose (Allman et al. 2003; Chen and Horwitz 2002; Jordan et al. 1993; Jordan et al.
1996; Rieder and Maiato 2004; Torres and Horwitz 1998), plus transcriptional gene
activation studies indicates that Taxol initiates apoptosis through multiple mechanisms
(Wang et al. 2000). Exact biochemical mechanisms and timing of cell death in relation
to progression through the cell cycle is still unclear (Gascoigne and Taylor 2009), see

Figure 1.9 for an overview.

At high concentrations Taxol enhances microtubule polymerization and stabilizes
microtubules against depolymerisation, leading to an increased microtubule polymer
mass (Jordan et al. 1993) and causing massive microtubule damage, resulting in the
activation of several pathways leading to apoptotic cell death (Wang et al. 2000).
Whereas at low concentrations, Taxol mitotic arrest action mechanisms is related with
the suppression of microtubule dynamics, with no changes in the microtubules
polymer mass. This perturbs the formation of mitotic spindles, resulting in a cell cycle
mitotic arrest (Jordan et al. 1993; Jordan and Wilson 2004).
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to a certain ambiguity regarding to when and “how” during the cell cycle drug treated
cells die (Gascoigne and Taylor 2009). Since spindle microtubules are the primary
drug targets for Taxol, important spindle assembly checkpoint proteins such as
MAD?2, BUBRI, Synuclein-gamma and Aurora A have emerged as potentially
important predictive markers of taxane resistance, as have specific checkpoint proteins
such as BRCA1 (McGrogan et al. 2008).

1.6.2.2 Colcemid

Colcemid or demecolchicine (C21HasNOs, Mw=371.4) is a less toxic derivative of
colchicine, an alkaloid found in Colehicum auturnnale and various plants of the
Liliaceae family that had been used for medical purposes for more than 35 centuries
(Eigsti and Dustin 1955). Besides its use for treatment of gout and in (largely
unsuccessful) trials as an anticancer chemotherapeutic agent, the active compound,
colchicine, and its derivatives such as Colcemid have been widely used in

cytogenetics.

By binding to tubulin dimer, the drug inhibits polymerization of microtubules. Since
depolymerization is unaffected, the mitotic spindle rapidly dissociates or is not
formed, and cycling cells accumulate in a prometaphase-like state, in many cases for
an extended period. This mitosis response in the presence of these drugs was
designated by (C-mitosis) (Hastie 1991; Jha et al. 1994; Rieder and Palazzo 1992;
Sluder 1979; Taylor 1965). In a sufficient concentration this agent completely inhibits
the formation of spindle microtubule. As a result, during nuclear envelope breakdown
the chromosomes are released into the cytoplasm where they remain randomly
dispersed throughout the prolonged period of C-mitosis (Rieder and Palazzo 1992).
It’s possibly for the cells, depending of the treatment conditions and type of cell line,
with time to escape the mitosis block and enter the next cell cycle in the presence of
the drug. Some cell lines never escape the block and die after some days, but in some
cases, a significant proportion of the cells within a mitotic arrested population escape
the block while others die in mitosis (Rieder and Palazzo 1992; Sherwood et al.
1994b). (Kung et al. 1990) previously showed that the ability of a cell type to survive

C-mitosis is somewhat species specific, and is positively correlated with its ability to
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degrade cyclin-B during the prolonged mitotic period, with some cell lines being ably
to cycle (without dividing) with rise and fall of cyclin-B in a polyploidy state.

Due to the above mentioned prolonged mitotic block, Colcemid was used to perform
cell cycle stathmokinetic calculations (Darzynkiewicz et al. 1987; Puck and Steffen
1963; Taylor 1965). Additionally, Colcemid was also used for cell cycle
synchronization due to the fact that the removal of the drug provided synchronous
G2/M cell populations (Sherwood et al. 1994a; Stubblef.E and Klevecz 1965;
Uchiyama et al. 2004). However, the demonstrated drug-induced adverse metabolic
perturbations and toxicity for the synchronized cells compromises the use of this and
other microtubule-disrupting agents in synchronization methods (Davis et al. 2001;
Urbani et al. 1995).
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1.7 Statement of thesis aims

The overall aim of the thesis is to incorporate innovative biophotonics into the hollow
fiber (HF) appropriate for tracking cell cycle and pharmacodynamic responses. The

specific aims of this thesis are as follows:

Aim_i - To establish and study the in vitro U-2 OS cyclin B1 GFP human
osteosarcoma HF encapsulated model (HF-U20S-GFP) parallel to the standard tissue
culture (TC). Characterize and compare both of these model culture systems in
relation to tumour cell morphology and biological behaviour, under normal
proliferation and drug perturbation conditions, namely the action of Taxol and
Colcemid (Chapter 3).

Aim_ii - To perform gene expression profiling of the HF versus standard TC culture,
interconnected with a “systems biology level” bioinformatics analysis, to ultimately
evaluate the HF culture environment effect on the U-2 OS cells (Chapter 4).

Aim_iii - To explore and validate a cross platform flow cytometry approach, tracking
the consequences of introducing a nanoparticle presenting a conserved fluorescent
signal, into a proliferative system. Thus providing quantitative generational
information about the cell population in both the standard TC and the HF culture

(Chapter 5).

Aim_iv - To develop and assess the design of a hollow fiber format with embedded
illumination for detécting particle and/or cell density (Chapter 6).
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