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Abstract

Retinal degenerative diseases affect numerous people worldwide and in the
UK; they lead to dysfunction of retinal cells and retinal dysfunction, in turn
leading to vision loss and in some cases blindness. Existing treatments aim to
alleviate current risk factors leading to retinal degeneration, such as increased
high pressure. However, these procedures do not restore lost cell, vision nor
retinal function, and therefore may still lead to blindness.

Developing cell-based therapies to replace lost cells provides one option for
retinal tissue repair in order to restore retinal function. These therapies involve
delivering stem cells to encourage neural cell-like functions within the retinal
tissue. Despite progress in developing stem-cells compatible with the retinal
layers, there is also a need to developing a minimal invasive technique for cell
delivery, without damaging the neighbouring optical structure. After evaluating
several methods of cell delivery, this thesis explores the need for developing

aerosol spraying systems for stem-cell delivery into the human eye.

Mathematical modelling is used as a tool to define spraying parameters which,
alongside experimental work, may accelerate the design of aerosol spraying
systems to treat retinal degenerative disease such as glaucoma. Firstly, an
organic biomaterial is developed and used as scaffold to spray and protect
cells from aerodynamic forces and stresses associated with aerosolization.
The rheological properties of this biomaterial are incorporated within a
computational model to predict cell-spraying into a human eye. Boundary and
initial conditions mimic the experimental spraying conditions, and the
parameterised model is used to explore the link between operator-defined
conditions (namely volume flow rate of the cell-laden hydrogel, external
pressure needed for aerosolization and angle of the spraying) and spraying
outputs (surface area of the retina covered, droplets speed, wall shear stress

on the retinal surface).



Data from both computational and experimental analyses were gathered.
Computational modelling is used to explore the impact of spraying parameters
(pressure and volume flow rate at the injector nozzle, outer cone angle for the
spray) on key outputs of high priority, namely the spatial distribution of the
delivered hydrogel on the retinal wall, the surface area of the retina covered
and droplet speed. Droplets speed at the retinal wall appeared to increase with
increasing pressure conditions and were observed at a constant volume flow
rate. Experimental assessments were used to validate the computational data
and determine cell viability under set environmental conditions (external

pressure and volume flow rate of cell-laden hydrogel) through in-vitro testing.

This thesis defines indicative spraying parameters for delivering therapeutic
cells to the human retina, based on a combination of computational modelling
and experimental studies. Mathematical modelling provides the potential to
transfer these findings to other organ systems, aligning with broader effects to

develop cell delivery systems to treat organ disease and repair.



Impact statement

Millions of people worldwide suffer from vision impairment and sight loss;
mostly affecting the aging population in the UK and currently imposing
expenditure of over £6 billion per year to the UK economy (including unpaid
care provisions, direct and indirect costs). Most individuals exposed to sight
loss are women; with people from black and ethnic minority communities
having greater exposure to associated risk factors. Sight loss is strongly linked
to other medical conditions and lifestyle factors, such as diabetes and obesity.
If preventable measures are not implemented early enough, the number of

people with sight loss is set to double to nearly four million by 2050.

Chronic eye diseases are the main cause of vision loss among adults. Among
these, retinal degenerative diseases affect millions of people globally, causing
permanent loss of cells and organ dysfunction. Although current treatments
for retinal diseases alleviate associated symptoms and risk factors, they fail to
replace damaged tissues and lost cells. Despite recent progress in developing
stem cell therapies for retinal diseases, methods for delivery are still a subject
of intense research. Aerosol technology is a promising technique with the
advantage of spraying cells evenly and directly across the retinal surface, to
promote cell attachment and survival. This technique was initially introduced
as treatment for cutaneous wounds; spraying devices currently available in the
market, are designed for large organs, thus making it difficult to tune for
smaller geometries such as the human eye. Cell-based therapies provide a
diverse range of treatment options and spraying of cells directly to the affected
area is one delivery mechanism that has been shown to promote cell
proliferation and cell viability and accelerate the healing process. The
requirements of cell spraying are specific to the individual, for example due to
geometric variability from person-to-person. It is essential to understand the

link between cell spraying outputs (such as droplet speed and their spatial



distribution at the retinal wall, thickness of cell-laden hydrogel also at the
retinal wall) and inputs (air pressure at the injector, nozzle dimensions, volume
flow rate of cell suspension). Optimization of cell spraying parameters (such
as volume flow rate, air pressure and surface area covered), is costly to define
experimentally, thus creating the need for an alternative rapid and cost-
effective technique. Here we use computational modelling as a tool to simulate
delivery of stem cells onto the inner retinal surface and define spraying
parameters for aerosol systems. Data produced from this multidisciplinary
approach informs operating parameters for potential cell-based therapies for
retinal degenerative diseases such as glaucoma. Computational modelling
also offers a platform whereby animal studies could be minimised and
reduced. By deriving organ-specific spraying parameters, this approach could
further be extended to other organs around the body and facilitate future
development of cell-based therapies.

This research provides strong evidence that delivery of stem cells onto the
retinal surface can be controlled using parameters of the spraying process.
The mathematical models provide guidance on how these parameters should
be chosen, and these are subsequently tested experimentally. The novel
approach introduced in this research opens the door for further computational

approaches to inform treatments for restoring function of the damaged retina.
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Thesis Layout

Following this section, this thesis is structured as follows:

Chapter 1: A literature review to understand the anatomy and physiology
of the eye, followed by an overview of the most common degenerative
retinal diseases leading to visual impairment or complete blindness.
Glaucoma is one of the most common ones; incidence and prevalence of
the disease are briefly discussed, followed by current treatment options
and potential sources of stem cells for prospective cell-based therapies.

Chapter 2: Several methods of cell delivery are identified from the literature
and discussed with their advantages and disadvantages. Cell spraying is
identified as the most suitable technique. Thus, associated aerosolization
theories and nozzle designs are analysed and the evolution of spray
systems developed over the years is reviewed (with the aim to outline
important features for future spray systems). The proposed experimental
protocol used as benchmark for computational and experimental analyses

is also introduced.

Chapter 3: To computationally replicate the experimental protocol
introduced in Chapter 2, a suitable organic hydrogel is suggested through
a selection process of biomaterials used in ophthalmology and medicine.
Mechanical testing of the chosen hydrogel is presented to characterise

rheological parameters for the computational model in Chapter 4.

Chapter 4: A computational model of the spraying process is presented,
based on multiphase mixture theory. Mechanical properties of the hydrogel
(viscosity and density) determined in Chapter 3 are inputs into the
computational framework. The model is simulated on a hemispherical
geometry with realistic human eye dimensions. Boundary conditions are

imposed to mimic spraying and environmental conditions. Sensitivity
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analysis for film thickness at the retinal wall (as a key output) are performed
to determine operating equations for the spraying process.

Chapter 5: Key relationships proposed in Chapter 4 are validated in an
experimental setup, using a commercially available dual spraying system
and well-plates used for in vitro experiment and analyses. The impact of
varying injector volume flow rates and pressures on the viability and
surface area of delivered cells are evaluated. The validation process
consists of carrying out cell viability test, by exploring selected volume flow

rates and pressure conditions implemented in the computational modelling.

Chapter 6: Conclusions of this interdisciplinary research and opportunities
for future work are discussed. The benefits associated with the application
of computational modelling in tissue engineering, specifically degenerative

retinal diseases are presented, followed by future recommendations.
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1.Introduction




Chronic eye diseases lead to permanent loss of cells, retinal dysfunction and
damage to other vital underlying tissues in the eye; in turn leading to vision
loss and in some cases blindness. Current palliative treatments aimed to
supress associated risk factors (for example, reducing high intraocular
pressure in some cases) fail to restore loss of permanent cells, tissue damage
and retinal dysfunction potentially leading to optic nerve deterioration. As such,
despite performed treatments, vision loss and blindness may still occur. This
highlights the need for replacing damaged cells by introducing cell therapies,
involving stem-cell delivery onto the damaged tissue to promote cell viability
and proliferation. However, delivery of these cells remains a challenge and
there is evidence supporting the use of cell aerosolization as a promising
clinical method for effective cell delivery. With the need for developing cell-
based therapies for retinal treatments, this thesis aims to use mathematical
modelling as an insight for developing aerosol spraying parameters, to design

prospective spray systems for cell delivery into the eye.

In order to provide a general understanding of the underlying structure and
function of the human eye, this Chapter begins with a review of the relevant
anatomy and physiology. Next, retinal disease such as glaucoma are briefly
discussed, together with their effects on the eye anatomy. Current treatments
for retinal diseases are presented, as well as limitations and opportunities for

developing cell-based therapy delivery strategies in this thesis.

1.1. Anatomy of the eye

The eye is the organ of photoreception, which is the mechanism through which
light energy information is transmitted to the brain through specialised nerve
cells known as rods and cones in the retina. When information is transmitted,
these signals travel through the optic nerve onto the brain, where they are then
processed and translated as vision. The geometry of the eye can be

approximated to that of a sphere with a volume of approximately 6.5 mL in

23



humans (1). Its axial length varies from person to person, with a mean value
of 24 mm. Small adult eyes have a horizontal length of less than 20 mm, also
known as hyperopic or hypermetropic, whilst large eyes ranging between 26

to 29 mm are defined as myopic (2).

The eye is filled with a liquid known as intraocular fluid; the intraocular fluid is
enclosed by three layers of tissue (as shown in Figure 1.1). The outer layer is
the sclera, a fibrous tough white tissue. At the front of the eye, there’s an
opaque outer layer called cornea, which is a specialised transparent tissue
that allows light rays into the eye. The middle layer has three continuous
structures: the ciliary body, iris and the choroid. The ciliary body is a ring of
tissue surrounding the lens and is responsible for the aqueous humour
formation. The iris is the coloured circular component of the eye. Although the
eye is assumed to be a single sphere, it is formed by two spheres; a small one
located anteriorly where the cornea is, and a large one located posteriorly,

where the sclera is situated.
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The cornea makes a sixth of the eye, and the sclera forms the remaining five
sixths. The eye comprises of both ectoderm and the mesenchyme. The
ectoderm, which is derived from the neural tube, forms the retina, nerve fibres
of the optic nerve and smooth muscle of the iris (3). The ectoderm surface on
the side of the head gives rise to the corneal and conjunctival epithelium, the
lens, the lacrimal and tarsal glands. The mesenchyme, on the other hand,
forms the sclera, the corneal stroma, the choroid the iris, the ciliary
musculature, part of the vitreous fluid and cells lining the anterior chamber.
The choroid has a rich capillary bed acting as the main source of blood for the
photoreceptors of the retina. Despite its location, the retina forms part of the
central nervous system (CNS). The retina is continuously exposed to physical

stresses, which may lead to tearing of the retinal tissue.

There are five types of neurons found in the retina: photoreceptors, bipolar
cells, amacrine cells, ganglion cells, and horizontal cells. All these cells are
neatly arranged further into three major regions: the outer nuclear layer, the
inner nuclear layer and the retinal ganglion cell (RGC) layer (see Figure 1.3).
The retina ganglion cells (RGCs) are situated in the RGC layer, through which
the photoreceptors transmit electrical impulses of converted light through the
optic nerve into the visual centres of the brain. Numerous studies have focused
on the application of stem cells therapies as a promising treatment for

glaucoma (4-6). A vital organ attached to the eye is the optic nerve.
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The optic nerve is a white matter tract, which is surrounded by meninges,
situated within the blood-brain barrier. The glia cells found in the optic nerve
are the same as those in the brain and spinal cord. As such, the optic nerve is
part of the CNS; pathological processes affecting CNS also affect the optic
nerve, and vice versa. The CNS is a very soft and complex tissue in the body,
with organised layers of neurons and glia cells. Although glia cells cannot
provide structural support to neurons, they are responsive to mechanical
signals and able to withstand tensile strength (8). The optic nerve head is the
primary sight of damage during retinal diseases such as glaucoma. When the
cable of the human optic nerve is damaged, it does not possess the ability to
regenerate or heal itself, at which stage irreversible blindness takes place. In
these circumstances, blindness is defined as irreversible, as the RGCs do not
possess natural self-healing abilities; therefore, the damaged underlying cells
cannot be replaced or restored. RGCs are non-uniformly distributed across the
vertebrate’s retina, which also has a non-uniform distribution of cone
photoreceptors and regions rich in ganglion cells (9). There are approximately
1 million RGCs in the human retina (9); although the specific number varies

from one person to another.

One of the functions of the eye is to continuously produce agueous humour, a
fluid responsible for nourishing neighbouring tissues by delivering oxygen and
nutrients, and removing metabolic waste through the ciliary circulation (10).
The aqueous humour leaves the eye through the open angle region between
the iris and the cornea. Here, the fluid is drained through the spongy meshwork
drain. When the aqueous humour does not drain properly or is overproduced,
the fluid cannot evacuate at its normal rate, thus increasing the intraocular
pressure (IOP) and damaging the optic nerve and the nerve fibres from the
retina. As a result, one’s vision capabilities are obstructed as the electrical
impulses fail to be transmitted from the eye to the brain, leading to visual
impairment and sight loss. This now leads the narrative to discuss retinal

diseases.
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1.2. Retinal Diseases and Glaucoma

According to the World Health Organisation, about 253 million people around
the world live with vision impairment (11); among these, 36 million are
registered as blind and 217 million suffer from a form of visual impairment.
Vision loss is a major medical, social and economic issue (12). The prevalence
of blindness and sight loss in the UK are known to impose substantial costs
on public funds, health and private expenditure (13). Retinal degeneration is
associated with loss of specialised nerve cells in the retina such as RGCs and
photoreceptors. Retinal degenerative diseases such as retinitis pigmentosa,
diabetic retinopathy, age-related macular degeneration (AMD) and glaucoma,
are the main causes of blindness and cause major disability and impact on
quality of life. Here we focus on glaucoma, although the approach developed
in this thesis could be generalised to any retinal disease for which cell

therapies were appropriate.

Glaucoma is defined as a group of progressive, chronic, neurodegenerative
diseases and is the second most common cause of blindness affecting over
70 million people worldwide (14,15). Glaucoma is estimated to affect 0.9% of
the UK population (16) of which about 2% are over the age of 40 (17,18). With
increasing life expectancy, glaucoma is becoming more prevalent. The
disease affects the retina through loss of RGCs and their axons, which are

extensions of the CNS.

The loss of RGCs causes structural changes to the glia, connective tissues
and vasculature, causing changes in the retinal nerve fibre layer (19) and
thinning of the neuroretina rim of the optic nerve. These lead to enlargement
of the optic-nerve cup, also known as optic- nerve cupping (20). During
glaucoma, the remaining neuroretinal rim structure retains its normal pink
colour; which is different from other neuropathies where the optic tissue loses

its colour and nerve cupping does not take place (21). Individuals diagnosed
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with glaucoma experience loss of peripheral vision, and if untreated, it may
lead to complete vision loss (22). During glaucoma, the mechanical
compression of the microvasculature affects the perfusion of the optic nerve
head, in turn causing ischemia (reduced oxygen levels). This results in
oxidative stress and production of free radicals.

There are known risk factors associated with glaucoma, which increase an
individual’'s chance of developing the disease. The risk of developing
glaucoma may be influenced by the patient’s race (prevalent among those with
African ancestry) (23), age, family history of glaucoma, central corneal
thickness and the presence of certain systemic diseases such as
hypertension, diabetes and cardiac disease (24). Racial differences are not
only present in the prevalence and incidence of this disease, but also
differences in anatomical features critical in detecting glaucoma, such as cup
to disc ratio and disc size. Nevertheless, across ethnic groups, individuals at
risk include those aged over 60, family members of diagnosed patients,
diabetics and people who are severely near-sighted (myopic population). The
prevalence and incidence of glaucoma increases with age, and it is therefore
considered the most important risk factor in glaucoma. For example individuals
over the age of 55 are seven times more likely to develop the disease (25).
People aged between 70 and 79 years are three times more at risk of
developing glaucoma compared to persons aged between 40 and 49 years
old (26); perhaps due to changes within cells around the body, leading to
mitochondria degeneration and increased exposure to soft tissue damage

from toxic materials.

There are four main types of glaucoma: primary open angle glaucoma
(POAG), angle closure, normal tension and secondary glaucoma. POAG is the
most common type of glaucoma and prevalent in different ethnic groups. It can
occur without elevated I0P. POAG is the leading cause of blindness among
black people. Associated risk factors of POAG are family history of POAG,

older age, ethnicity, elevated IOP, myopia and low diastolic perfusion pressure

31



(22). 10P increases in POAG as the agueous humour moves too slowly
blocking the drainage canal. In angle closure glaucoma the canal is either too
narrow or closed completely. During normal tension glaucoma the 10P is low,
but the optic nerve still gets damaged. Secondary glaucoma develops
consequently to, or as complication from other conditions such as diabetes,

eye surgery or tumours.

Elevated intraocular pressure (IOP) is identified as a major risk factor
associated with glaucoma (22); however, not every individual with increased
IOP develops glaucoma. When the IOP rises, it damages the optic nerve and
the nerve fibres from the retina. As a result, the electrical impulses fail to be
transmitted from the eye to the brain. Nevertheless, despite the discussed risk
factors influencing the occurrence of glaucoma such as age, race, gender and
IOP, there are several other factors influencing the development of the
disease, as its origin is still not fully understood. The unknown causes of
glaucoma hinder the ability to predict population requiring early treatments to
prevent vision loss. Glaucoma is asymptomatic and generally painless (14),
making it difficult for the disease to be diagnosed at its early stage. Despite
several experimental and clinical studies, the development and progression of
glaucoma is still unclear (27). As such, many patients remain undiagnosed

until they reach the advance stage.

Treatments for retinal diseases usually depend on the disease itself; they can
either be introduced at early stage of the disease or at a later stage (28). For
example, current treatments for glaucoma are aimed are reducing the 10P
through surgery or pharmaceuticals, by evacuating the accumulated aqueous
humour through the trabecular meshwork (see Figure 1.2) (15). However,
these methods do not restore the lost peripheral vision, nor lost cells following
apoptosis. Further, reducing the IOP does not always prevent progression of
the disease and evacuating the accumulated liquid does not guarantee IOP
reduction. In this thesis, stem cell therapy is preferred as alternative treatment

as it has the potential of replacing RGCs, trabecular meshwork cells (5,29)

32



and hopefully restoring vision loss, which conventional surgery for glaucoma
currently fails to address. These cells can be delivered onto the retina via
subretinal or intravitreal methods; subretinal delivery is more skill demanding
and more invasive compared to the intravitreal route, which is easier, less
invasive and requires using small needles. Given the importance of sourcing
stem cells for retinal therapies, next we discuss potential stem cell sources for

neural retinal cells replacement.

1.3. Therapeutic Stem Cells for Retinal Diseases

Stem cells are a special type of immature cell with the ability to self-renew and
differentiate into different types of adult cells. They undergo asymmetric cell
division, which generates other stem cells. Stem cell transplantation therapies
have been of significant interest over the last decade, due to their outstanding
potential for treating a range of currently incurable diseases such as
osteoarthritis, multiple sclerosis, retinal degeneration and hopefully glaucoma.
The goal of cell transplantation in glaucoma is to replace lost RGCs to achieve
functional vision restoration. As such, there must be an outlined clinical
protocol, which will consider an appropriate source of stem cells, method of
delivery, host environment and intended outcome from transplantation. To-
date, long-term restoration of visual function is yet to be achieved in humans

using stem cell therapies.

Various sources of stem cells have been used experimentally for retinal
transplantation (see Figure 1.4). Several studies have shown various sources
of stem cells that could be used for cell-based therapies, as summarised in
Figure 1.4. These include stem cells from embryonic tissue and adult tissue,
as discussed next. An ideal cell-based therapy for glaucoma will replace the
lost retinal cells, and the transplanted cells will incorporate into the structured
retinal layer. The ideal stem cells candidate for retinal transplantation will be

from sources that are readily available. The cells should easily expand in
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culture, be safe for implantation, and limit the requirement to control the host
iImmune response. Next the three potential stem cell sources (embryonic or
foetal tissue, adult tissue and reprogrammed cells) are discussed alongside

their potential as a therapeutic stem cell for retinal disease.
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Figure 1.4 Potential sources of stem cells to treat glaucoma. Derivation of stem cell for optic
nerve regeneration are categorised from tissue level to cell level. The stem cell type that will
be the focus of this thesis is clearly differentiated from the other stem cell types identified from
the literature (yellow and blue respectively.
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1.3.1.Embryonic stem cells

Embryonic stem cells (ESCs) are pluripotent cells that can differentiate into
any type of cell, such as neurons, retinal pigmented epithelium and RGC-type
cells through controlled exposure to various growth and differentiation factors
(39,40). The discovery of ESCs appeared to have revolutionised research into
the application of stem-replacement therapies (41). ESCs can be derived from
the inner cell mass of blastocyst-stage embryos and from the foetal tissue. In
animal studies, they have demonstrated their ability of replicate into retinal
progenitors and their potential for retinal transplantation (42). When human
ESCs have been implanted in animal models, they have also shown
successful integration into the retina structure (20,42,43). Although ESCs
could be beneficial for development of cell therapies for retinal regeneration,
further research is still required to determine whether ESCs could be induced
to regenerate a damaged optic nerve and restore vision lost by glaucoma in
humans. Furthermore, owing to the existing ethical constraints, the use of
ESCs can be restricted and need appropriate regulations for their use.
Although ESCs are considered a promising source of cells for treating retinal
diseases such as glaucoma, protocols for appropriate neural differentiation

and up-scaling to are still under investigation.

Retinal stem cells can also be derived from the foetal retina, as a single foetal
eye holds many stem cells. These cells, known as retinal progenitors, have
been transplanted into the eye of experimental animals such as rats, monkeys,
rabbits and pigs, and they have showed successful differentiation into
photoreceptors and RGCs survival in chickens (29). Many investigations have
used ESCs derived from animals such as monkeys and rats. For example,
Meyer et al (30) showed that implanted mice ESCs widely dispersed across
the host mouse retinal layers, although not in a uniform distribution and
assumed neuro-like morphology. Transplanted ESCs spread across most
regions of the retina and after 6 weeks of transplantation, most cells attached

to the inner retina surface and a few migrated into the inner retinal surface;
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after 16 weeks of transplantation the cells undertook neuron-like
characteristics. Promising results have also emerged when using human
ESCs (29), which are stable and have proliferative capacity. Due to their
proliferation capacity, ESCs are considered ideal candidate for human cell-
based therapies. However, there are still concerns regarding their uncontrolled
proliferation after transplantation in-vivo, which may lead to teratoma formation
(44).

1.3.2.Adult tissue-derived stem cells

Adult tissue-derived stem cells are another therapeutic option, without some
of the ethical issues associated with ESCs. There are various sources of adult
stem cells that have been investigated for regeneration or replacement of
retinal neurons. These include mesenchymal stem cells, induced pluripotent

stem cells and Mdller glial stem cells, as discussed below.

1.3.2.1. Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are frequently sourced from bone marrow,
blood, dental and adipose tissues. They have been shown to secrete
neurotrophic factors, which promote neural cells’ survival (45). MSCs can also
differentiate in-vitro into different cell types (including neurons and glia) and
can be easily isolated and enable autogenic transplantation. MSCs have been
applied to treat retinal degenerative disease such as glaucoma and diabetic
retinopathy in animals. Animal studies have shown that MSCs transplantation
in the glaucomatous rat eye, can delay degeneration of retinal cells (46). They
have also shown to stimulate axon regenerative response, however lack of
graft survival interfered with upscaling of this procedure. This suggests that
this cell type has the advantage of supporting retinal neuron survival when

transplanted into tissues and organs connected to the CNS. As such, further
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neuroprotective treatments could be developed to reduce RGCs death caused
by glaucoma (47).

Many have observed their ability to differentiate into retinal neurons (29).
Owing to the MSCs ability to secrete various cytokines, there is evidence
supporting the use of MSCs for cell-based neuroprotective strategies, rather
than neuron replacement, which will have potential benefits to treat retinal
diseases, hopefully including glaucoma (48). However, despite these
advantages, the clinical significance for MSCs to impose neuroprotective
effects in glaucoma needs to be confirmed and validated with further research

and relevant and controlled clinical trials.

1.3.2.2. Induced pluripotent stem cells

Induced pluripotent stem cells (iPSCs) were developed to bridge some of the
disadvantages related to ESCs and have been considered a valuable source
of cells for autologous transplantation (49). iPSCs can be derived from animal
and human adult tissue cells by reprogramming adults fibroblasts using factors
such as Oct3/4, Sox2, c-Myc and Klf4 (29). Subsequently they can be
differentiated into various cell types (50). Deriving patient-specific iPSCs has
opened a new clinical opportunity in medicine (41). The reprogrammed cells
then exhibit growth properties and morphology of ESCs. Although iPSCs may
help overcome limitations such as ethics and host tissue’s immune response
by using patient specific somatic cells (51), customised cell therapies are much
more expensive and time-consuming. iPSCs studies associated with their
scalability, adaptability and capacity to yield specific retinal cell types are still
ongoing. Current barriers preventing clinical pursuit of iPSCs for retinal
damage repair involve existing safety concerns that could introducing
subsequent teratoma formation (29). As iPSCs are reprogrammed from adult
cells, it is imperative for researchers to further characterize the full bioactive

profile for these cells and potential alterations they could introduce in host
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human tissues, such as gene mutation and structural variations in the genome
that could impact patients’ health (52,53). Yet, there still exist other impeding
factors for iPSCs to be used for retinal damage repair; namely practicality on
their clinical reproduction and economical methods to evaluate their
pluripotent potentials (29).

1.3.2.3. Miller glia stem cells

In the retina there are three types of glial cells, neuron-supporting microglial
cells, astrocytes and radial glial Miller cells (MGCs). Microglial cells are
immune cells found in the inner retinal layer; they are responsible for defence
against invading microorganisms and inflammatory processes, and for tissue
repair. Retinal astrocytes are close to the superficial vascular region and the
vitreo-retinal border. MGCs are the principal glial cell of the vertebrate’s retina
[34] and are specialised radial glial cells extending through the retina. These
cells make an anatomical link between retinal neurons and the anatomical
region where molecule exchange takes place. MGCs have different ion
channels, enzymes and receptors, which play a vital role in supporting neurons
and the functions they perform in the retina. They are essential in creating and
maintaining the neuroretina architecture, support neurons survival and

regulate information processing.

MGCs are the main glial cells of the retina and they can be obtained from
cadaveric donors. The retina is continuously exposed to physical stresses,
which may lead to tearing of the retinal tissue. Although retinal neurons are
vulnerable to injuries and lack of blood supplies, MGCs are less susceptible to
injuries such as ischemia, anoxia or hypoglycaemia(54). Glia cells cannot
provide structural support for neurons; however, they are responsive to

mechanical signals and able to withstand tensile stress (8).
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In a healthy human retina, MGCs have several functions based on different
physiological processes. For example, for the metabolic support and nutrition
of neurons, MGCs deliver lactate and store glycogen and glycogenolysis (55).
They are also involved in potassium (K*) and water homeostasis, which is
achieved through carbon dioxide buffering, by removing K* ions and
dehydration of the inner retina (56,57). By removal of free radicals, the retinal
tissue is protected against oxidative stress. MGCs act as transmitters for
neuronal signalling and release neuroactive substance by storing and
releasing ATP, D-serine and glutamate. Through the synthesis of VEGF,
PEDF and TGF-g, MGCs release vasoactive substances (58). They are also
involved in retinal development by acting as scaffold orientation for immature
radial glia cells. Other functions of MGCs in a healthy retina include stabilising
retinal blood flow (59), contributing towards maintenance and formation of the
blood-retinal barrier (60) and maintain pH level and ion homeostasis of the

retinal tissue.

Research in multiple species such as chickens, rats, mammals, rats and
humans suggested that MGCs can proliferate and differentiate into several
types of neurons. Research suggests that the MGCs are likely to make the
retina more resistant to deformation from dynamic shear forces and tension to
which the retina is continuously exposed (8,61). In zebrafish, MGCs are source
of retinal neurons, with the ability to fully regenerate the retina after tissue
damage (62).However, MGCs in mammals lack these properties; hence the
need for cell transplantation in humans. These cells have also been identified
in the adult human eye; although currently there is no evidence that human
MGCs regenerate the human retina, MGCs can be isolated and successfully
differentiated in-vitro to derive RGC precursors (63). Upon transplantation,
these RGCs have shown successful attachment onto the rodent inner retina
to induce partial recovery of RGC function. This could suggest that MGCs
constitute a potential tool to treat sight loss in glaucoma (63). However, it is
yet to be established whether MGCs can regenerate the retina (64), as testing
on the human eye model is yet to be performed. Although there is currently no

evidence suggesting MGCs regenerate the retina in-vivo, they can be isolated
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and grown in culture when in-vitro. A study has shown that cell lines with
characteristics similar to that of MGCs can be derived from the adult human
retina (6).

1.4. Summary and Perspectives

In summary, the eye is a very important organ, of which metabolism plays an
important role in transferring information to the brain through the retina, which
acts as a cable. The retina is therefore a very important underlying structure
due to its location and being part of the central nervous system. Retinal
degeneration could lead to loss of neural cells, in turn leading to vision loss
and is some cases blindness. As such, evidence highlights the need for
replacing these lost cells through novel cell-based therapies, to treat retinal
degenerative diseases such as glaucoma. Developing stem cell therapies for
damaged retinal tissue has progressed over the recent years, as they have
potential to replace lost and damaged cells by secreting neurotrophic factors
(29). Transplantation of neural stem cells has significant potential in the
restoration of retinal function and repair of retinal injury. It has been reviewed
that currently there are several sources of stem cells and stem cell types that

have been investigated in the literature for retinal transplantation.

ESCs have the ability of replicating in any type of cell and have demonstrated
promising results and potential for clinical advancements, by integrating within
mice’s retina layers and surface attachment 6 weeks after transplantation.
However, there are existing limitations associated with their uncontrolled
growth post-transplantation in-vivo, that could result in teratoma. Adult tissue-
derived stem cells are sought as alternatives to ESCs, specifically as they
bridge ethical barriers. These include the use of MSCs, iPSCs and MGCs.
MSCs can also differentiate into any type of cells including neural cells and
secrete neuro-trophic factors. However, there is the need for further research

and clinical trials to validate their success post-administration for glaucoma
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treatments. iIPSCs are developed by reprogramming human adult tissue and
there is a great deal of research for their use in retinal repair. Nevertheless,
there still barriers interfering with their progress into clinical trials that requires
further characterization of their reaction with host tissues; namely potential
gene mutation, structural genome variation that can endanger patients,
teratoma formation, practicality for clinical reproduction, cost effective
methods to evaluate their pluripotent potentials for retinal repair. MGCs, which
provide metabolic and structural support to the retinal neurons, are produced
from human donors and have a track record of research in multiple species,
hence highlight their potential of differentiation in any type of neuronal. This
thesis will therefore pursue using MGCs later in Chapter 5 to assist with

experimental assessments.

It is therefore hoped that stem cell transplantation will reverse
neurodegenerative diseases processes, following use of endogenous host
tissue. As such, their use as vehicle to diffuse bioactive factors could
potentially introduce retinal function restoration. The ideal stem cell therapy for
retinal diseases such as glaucoma would be readily available, easy to culture
and provide long-term safety to recipients. As such, there currently remains a
guestion on practicality in delivering these cells into the human eye. Next, we

present different strategies for stem cell delivery.
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2.Methods of
Delivering
Therapeutic Cells to
the Retina




This Chapter provides a comprehensive review of different methods of cell
delivery to the retina. We focus on cell delivery via a biomaterial scaffold, and
via a bolus injection or aerosolised spraying. Of these, aerosol-based spraying
offers a significant opportunity with outstanding questions around control of
the delivery that are the focus of this thesis. Aerosol-based spraying
techniques have been developed for use in industrial applications, household
products and agriculture, and have started to be used for biological
applications. First of all, general requirements of spraying systems are
reviewed, followed by potential requirements for spraying systems for
ophthalmic applications. Different cell delivery approaches are discussed, with
a focus on the unmet potential of spray-based systems. The underpinning
theories and nozzle designs developed over decades for aerosolized spraying
are discussed, finally narrowing down to a medical aerosol spraying equipment
currently commercially available for several clinical applications and used for

the experimental part of the research presented in this thesis.

2.1. Requirements of spraying systems

Lefebvre and McDonell (2017) (65) defines a criteria for ideal atomizer system
for any application, together with wide reports from the literature. The general

characteristics are defined as follows:

1. The ability to provide good atomization over a wide range of volume
flow rates; a sprayed fluid needs to be effectively delivered onto a
region of interest and the ability to cover various large areas. This is to
be controlled through nozzle design and magnitude of external
pressure supply (65);

Rapid response to changes in flow rates of liquids;

Low power requirements;

Flexible design for scaling capabilities;

A A

Low cost, easy maintenance and light weight;
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These characteristics can be replicates for ophthalmic application, based on
the need for the cellular suspension to be uniformly distributed over the large
retinal surface. It is believed that uniform distributions for cellular scaffold over
the retinal area will promote cell viability and proliferation, as uniform
distribution as equally favoured cell delivery for other laboratory application
(66,67) . A major feature to maintain for prospective cell-based therapies is the
homogeneous cell delivery over large areas of the inner retina in the human
eye, which is an important requirement in scaling up such protocol for cell-
based therapies in humans. Spraying parameters such as external air
pressure, nozzle dimension and volume flow rate for the cellular scaffold have
been identified as paramount through analyses of literature findings. We
therefore identify three distinct categories; fixed parameters need for spraying,
geometrical parameters and output parameters from the computational model.
They are outlined below and occasionally referred to in forthcoming Chapters

as required.

2.1.1.Fixed parameters required from spraying

The fixed parameters required for spraying and that will be defined during this

thesis are the following:

e Hydrogel concentration; this is suggested once various mixtures of fibrin

derived hydrogels are mixed and analysed (68). The material properties
of the hydrogel will be characterised and used to predict the behaviour of

the cellular scaffold.

e Delivery period; standard spraying protocols involve delivery over a period

of about 1-2 seconds, which is substantial for the cell delivery.
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2.1.2.Controllable parameters for spraying events

Although the following parameters are fixed during each sprayed event, they

are also defined as controllable because they can be manipulated to widely

observed behaviour of the desired outputs through the computational model.

Volume flow rate of cellular suspension ; the vitreous in humans occupies

a volume of 3.9—5mL (69). The volumetric flow rates currently used in the
literature and recent animal studies (between 1 and 2 L/min) (70), can
damage the human retina due to anatomical differences to rodent eyes
(70). 1t is suggested the human intraocular flow is between 2.5 and 3
ML/min (69). However, the cellular suspension delivered is not required to
fill the entire human intraocular flow, but only a portion of it; this will be
address later in the thesis.

External air pressure: supplied externally and applied at the injector nozzle

to create aerosolization effects during each spraying event. Pressure
values were derived from literature using the commercially available Baxter

spraying system.

2.1.3. Geometrical parameters

These are geometrical parameters that will be later defined in the

mathematical model of the human eye and are kept fixed throughout the

simulations:

Injector nozzle; with regards to nozzle dimensions, a 25G cannula (with an

outer diameter of 0.5 mm), is frequently used for retina surgery (5).
However, the viscous nature of fibrin-based hydrogels (71) will cause
clogging of the fluid. The use of the 20G cannula (0.6 mm in diameter),
promoted ease of manipulation and successful surgical procedure for the

feline eye model (5). It is therefore hoped, that introducing a nozzle injector
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with the same dimension as a 20G cannula in the 3D computational model,
will be equally successful when spraying onto the retina.

3D _model dimensions; to support the 3D model of the spray system, a

scaled model of the human eye will be used. This will help estimate true
values of the parameters investigated, such as film thickness over the
covered surface area, air pressure to be supplied at the injector and volume
flow rate at which the cellular scaffold will be delivered (see Chapter 4).

IOP_conditions; the pressure within the domain is set to glaucomatous

pressure (22 mmHg). The same environment should also be observed in

the computational model when simulating cell spraying.

The injection/ incision; must be carried out from a scleral area that is not

occupied by the retina, with the aim of covering as much surface area as
possible during aerosolization (approximately % of the total surface area of

a human eye).

2.1.4.Required outputs to be achieved by the

computational modelling approach

The required output parameters to be extracted from the computational

modelling are the following and strongly dependent on the specified on the

controllable parameters:

Surface area coverage; let's assume the eye is a complete sphere. In adult

humans, the retina covers about 72% of the sphere (72). We predict the
sprayed cellular scaffold should cover roughly % of the inner surface area.

We will use mathematical modelling to control the surface area to cover.

Cell-laden hydrogel distribution: a homogeneous distribution of both cell

and gel is required to promote cell migration and viability; and promote

MGCs proliferation.
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e Cell population: by estimating the surface area covered during a spraying

event, it is hoped clinicians could further use mathematical modelling as

tool to estimate population of cells needed per spraying event.

With a series of spraying parameters needed to be controlled for successful
cell delivery and survival, we now proceed to discuss desired cell delivery
methods with the potential to promote cell viability and proliferation in a fast

and controlled manner.

2.2. Cell Delivery

Retinal tissue engineering shows potential in treating retinal degeneration
using hydrogel scaffold-based delivery methods. Hydrogels have been used
for decades for a wide number of medical applications such as neurosurgery,
gastrointestinal surgery, orthopaedic, cardiovascular and cosmetic surgery
(73,74). The goal of a cellular scaffold is to provide cellular support, promoting
cell viability and cell proliferation once delivered into the body, and
encouraging natural repair mechanisms so that the tissue regenerates
healthily (75,76).

Retinal stem cells have been experimentally transplanted using cellular
scaffolds made of biomaterials or by bolus injection. The first method involved
embedding gelatine with embryonic retinal sheets into the host retina tissue
(77). Although retinal sheets are known as excellent models for transplantation
in rats, there is a shortage of human tissue for transplantation into rats, as
retinal sheets cannot be cultured and expanded in-vitro (77). In these
experiments, the transplanted tissue fails to integrate with the host tissue, at
which stage the surgical procedure leads to the formation of a double layer of

retina with no connection to the brain.
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With the presented number of limitations associated with the retinal sheet
transplantation, further research is required. Several studies have used bolus
injection as an alternative, which involves delivering a known volume of cells
through a needle. The literature has shown that stem cell injection in the sub-
retinal space can bridge any integration problems within the host tissue, which
were previously encountered using the retinal sheet transplant technique (77).
The protocol of direct injection is considered technically demanding and time
consuming. With the bolus injection cell survival post implantation needs to be
overcome, as generally less than 1% of injected cells are viable only after 2-4
weeks of being injected (77). Biomaterials such as poly (L-lactic acid) (PLLA)
and poly (lactic-co glycolic acid) (PLGA) have been used as cellular scaffold

for retinal cell delivery through injection.

However, significant adverse reactions have been observed after implantation
of such scaffolds. If cells could be delivered into the eye using suitable
biodegradable materials that can be sprayed directly onto the retina surface,
as well as viability of the cells. Further, cell injection can lead to poor cell
survival owing to shearing forces during the injection (67). As a result,
incorporating biodegradable biomaterials into the bolus appears to be an
efficient method to promote cell survival and differentiation, as the biomaterial
scaffold protects the cells from shearing forces, and provides a natural
substrate for integration with the host tissue. The biomaterial substrate can be
chosen based on natural proteins at the implantation site, for example fibrin,
to further promote cell attachment and survival. Next cell-spraying methods

are discussed, whereas biomaterials substrates are the focus in Chapter 3.

2.3. Cell spraying

Cell-spraying is potentially a rapid and innovative method for cell delivery into
the eye compared to the existing delivery methods. This method was firstly

tested to deliver epidermal cells in-vitro on cell culture plates, using a pump
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aerosol nozzle (66,78). Direct cell-spraying proved to be successful in
consistently delivering a uniform distribution of the cellular suspension,
promote cell proliferation a few days after spraying and stabilize cells when
delivered with fibrin gel (78). As a result, cell spraying was later adopted for
clinical settings such as the liver and heart, as well as animal eyes (66,70)
(with high cells viability rates of up to 90%) (67,79). However, a standardised
protocol for cell-spraying into the eye needs to be established and should be
applicable to individual patient anatomy and geometry. Since then, various
researchers adopted different experimental techniques varying from in-house
built experimental setups to commercially available spray systems (79), and

we go on to describe their strengths and weaknesses next.

Aerosol technology is a promising system that has the advantage of spraying
cells through evenly distributed coatings (67). By using the aerosol technology,
cells are uploaded within an apparatus together with a polymer hydrogel and
sprayed directly onto the region of interest. Studies carried out so far used
polymer hydrogels such as fibrinogen to form the cellular suspension.
Commercially available spraying applicators have integrated pressure
regulators to manipulate the volume of cell delivered and promote aerosol
formation. However, there are still related limitations with cell viability and ease
of cell delivery (67). Studies in the literature have shown that higher pressures
would increase shear and elongation stresses on the cells, therefore reducing
their survival rate (67). Nevertheless, the impact on the anatomical structure
following cell spraying strongly depends on the spraying distance, the
pressure applied at the injector and the anatomical surface area needing
treatment. Air pressure, nozzle dimensions and the volume flow rate of the
cellular suspension are parameters that need to be closely monitored to
produce the desired spray without causing damage to tissue. Currently there
is no consensus on the quantitative interdependencies of these spraying

variables and outputs.
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Air pressure has influence on the cellular suspension’s velocity, cell survival
and differentiation. A number of studies have used air pressure values either
derived from the literature, instructed from commercially available applicators
or by carrying out in-vitro and/ or animal testing (66,67,70). It is now hoped
that such data will be used as a platform to implement cell-spraying to more
anatomically relevant human structures, specifically smaller organs such as
the eye. To the best of our knowledge, a standardised method on how to derive
organ-specific parameters by reducing costs, number of experiments and time
is yet to be developed. Therefore, further investigations are needed to achieve
this. Through this thesis we intend to develop a technique that would help
determine parameters such as external pressure and volume flow rates for

specific clinical applications.

On this basis, there exist outstanding questions to develop cutting-edge spray
systems that would allow application in different parts of the body, whilst
promoting cell viability and survival leading to a successful tissue regeneration.
We strongly believe these application-specific parameters could be addressed
through computational approaches that would replicate realistic surgical
problems, and ultimately develop subject-specific mathematical models.
Mathematical modelling can be used as a tool to accelerate the design of spray
systems to promote the application of cell-based therapies in different medical
settings. This will be discussed further in later chapters. This could be
achieved by creating a virtual platform for a specific clinical application,
defining key parameters (such as air pressure values and volume flow rates
previously used in the literature) and predicting how the cellular suspension
would behave on the damaged tissue. These key parameters will be validated
by replicating the settings from the mathematical modelling through a series
of experiments. In this thesis, we propose such a multidisciplinary approach

for spraying cells onto the retina.

Spray systems have been developed and applied successfully in other

industries such as agricultural application, consumer products, medical
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treatment of respiratory diseases, fuel injection systems and other combustion
applications (80). Implementing mathematical modelling and related theories
in cell-based therapies, is an opportunity to capitalise on such technology
within medical applications. Several spray systems have been developed over
decades. Those that reached approval for clinical applications, are limited to
a small number of medical settings, thus introducing the need of an improved
design with ease of manipulation of key parameters and applicable to a wider
number of degenerated organs. This approach will be examined to look at
delivery of therapeutic stem cells to the retina.

Next, in order to better understand the aerosolization process during a
spraying event, the theory of aerosolization is presented, followed by the

evolution of spray systems and their applications in medical settings.

2.4. Theory of aerosolization

Converting liquids into sprays is of importance in several applications and
fields such as agriculture, meteorology and medicine (65). Over the years,
several spray devices have been designed as atomizers or nozzles; sprays
can be produced in different ways. During the atomization process, a liquid
may be dispersed though the liquid’s kinetic energy, exposure to high velocity
air or gas, or by mechanical energy applied through an external device. The
process of atomization is a random process, which is characterised by a wide

range of droplets size.

Droplet size distribution as function of time, density of the fluid and droplets
velocity are all affected by the properties of the gas, the liquid that the gas is
dispersed into, and the internal geometry of the atomizer. The simplest
spraying event takes place from a circular orifice, where the main velocity is in
the axial direction, inducing a laminar flow. Turbulence in the liquid, cavitation

in the nozzle and aerodynamic interactions with the surrounding air are all
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contributing factors to an atomization process. Further in the downstream
region, drop sizes are larger and the relative velocity is lower. To achieve the
desired liquid-gas mixture, many applications are subject to conical or flat

patterns.

During the process of atomization, a liquid sheet is formed through the kinetic
energy of the liquid. Flat sheets are produced when liquid is forced through a
small orifice through pressure or centrifugal forces; depending on the type of
atomizer. The initial hydrodynamic instability of a liquid sheet is characterised
by hydrodynamic disturbance; the liquid sheet breaks and expands away from
the nozzle, forming threads and ligaments that vary in diameters. The large
drops are subsequently divided into smaller drops, thus producing a range of
drop sizes and mean diameter. The latter depends on the thickness of the fluid
sheet, its relative velocity to the surrounding air, the viscosity of the liquid and
the surface tension. There are also hydrodynamic forces which cause wavy-
sheet disintegration within a liquid sheet. High liquid velocities are a
consequence of high injection pressures, causing sheet disintegration closer

to the nozzle exit.

With a typical spray including a wide range of droplet diameter, there is
currently no complete theory able to fully describe the hydrodynamics and
aerodynamic processes involved in sheet disintegration under normal
atomization conditions. As such, empirical theories can predict mean drop
sizes and drop size distribution. However, for practical applications on cell
therapies it has not been determined whether one parameter has an
advantage over the other. Hence, the best spraying distribution on the region
of interest may depend on any given application. We now proceed in
discussing atomizers and rational justifying the type of atomizer used for this

thesis.
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2.5. Atomizers

The function of an atomizer is to produce a spray, through a high relative
velocity between the liquid to be atomized and the surrounding air. Some
liquids may be discharged at high or low relative velocities. There are different
types of atomization techniques (see Table 2.1) used in industry such as
rotary, air-assist and airblast, ultrasonic, electrostatic and pressure atomizers.
Rotary atomizers provide uniform spraying distribution and a 360° spray
pattern, which is not suitable given that cell-based therapy for retinal
degenerative disease will only require coverage of the retinal structure
(approximately % of the total surface area of the eye). Air assist atomizers can
provide good atomization patter, prevent clogging and atomize highly viscous
fluids; however as an external air supply is required, additional equipment will
be needed which could make the overall spraying equipment too bulky to be
handled manually and it is therefore better suited for industrial applications.
Similarly, air-blast develop good atomization and they are simple and cheap
to manufacture and can spray at low velocity; however, at expenses of
generating a coarser spraying pattern. Ultrasonic atomizers cannot handle
high flow rates; although there some medical sprays adopt this type of
atomizers; they are more expensive to purchase. Electrostatic atomizers
provide fine atomization however are mostly used on highly viscous fluids such

as paints.

With pressure atomizers (which are widely used), a liquid is sprayed through
a small aperture under high pressure conditions, and the pressure energy is
converted into kinetic energy to develop relative velocity between the sprayed
liquid and surrounding air. With pressure atomizers, external pressure and
cone angle can be easily controlled computationally. They are also widely

available; we know briefly discuss them.
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Table 2.1 Comparison of different types of atomizers, with their characteristics and examples
of applications, which will be taken into account when selecting a suitable atomization type
for this thesis (Information extracted from Lefebvre (2017) (65).

— . Examples of
Type Description Advantages Disadvantages applications
Plain orifice Simple, cheap — narrow spray angle Diesel engines; jet
Rugged — solid spray cone engine; afterburns;
ramjets
Simple, cheap — high supply pressure
Widespread (up to needed
Simplex 180°) — cone angle varying Gas turbines;
with pressure industrial furnaces
differential and
ambient gas density
Same as simplex — Spray angle narrows
Duplex Good atomization as liquid flow rate Gas turbine
E’ with various flow increases combustors
= rates
2 Good atomization — atomization poor in
g 5 y Relative constant transition range Aircrafts and
7 ual orifice spray angles — complex design industrial gas
8 — vulnerability of small -
< turbines
o passages to blockage
Simple construction — spray angle varying .
Good atomization with flow rates Different types of
Spill return overflow range — higher power required combu_stor .
L hol with other pressure Potential for slurries
arge t'o es K of nozzles P and fuels of low
preventing risk o thermal stability
blockage
Good atomizer — High pressure needed  High-pressure
Fan spray - e
Narrow elliptic coatings; annular
pattern combustors
Nearly uniform — Produce 360° spray
atomization with pattern
Spinning high speeds Spray drying
disk Independent _
Rotary control of Crop spraying
atomization and
flow rate
Handles slurries — May need air-blast .
Rotary cup around periphery Spray drying
Good atomization — Liquid can back up in
Internal \IIDVirt(?]vlear:tseclogglng ;Ir I|n_e dditional Industrial furnaces;
Air assist L 9 — Requires additiona industrial gas
mixing passages device :
. . . turbines
Atomizes highly — External high-
viscous fluids pressure air needed
Same as internal — External source of air dustrial f .
External Construction needed _In ustrial furnaces;
S o industrial gas
mixing prevents liquid ;
turbines
backflow
Simple, cheap — Does not permit high
Good atomization liquid/air ratios
Air-blast Plain jet - Narrqw spry angle Indu_strlal gas
— Atomization turbines
performance inferior
to pre-filming
_— Good atomization — Poor atomization at Industrial and aircraft
Pre-filming - ; " .
Widespread angle low air velocities gas turbines
Very fine atomizer — Cannot handle high Medical sprays;
Ultrasonic Sprays low velocity flow rates humld!flcgtlon; spray
drying; acid etching
combustion
Electrostatic Very flng — cannot handle high qunF spraying;
atomization flow rates printing
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2.5.1.Pressure atomizers

As previously mentioned, pressure atomizers convert pressure to kinetic
energy, to generate a high relative velocity between the liquid and surrounding
air. These include plain orifice, complex nozzles and variable nozzle
geometries. Plain orifices have a simple circular design, which is used to eject
the liquid. The finest atomization is achieved at smaller orifice size; for liquids
with low viscosity, the liquid passes through a small circular orifice. If an
external air pressure is applied at the same outlet where the liquid is
discharged exceeds 150 kPa above the atmospheric pressure, a high jet
velocity is formed disintegrating the liquid into droplets, thus increasing the
turbulence in the liquid and aerodynamic drag forces. The outer cone angle of
sprays produced by plan-orifice atomizers is between 5° and 15° (presumably
mainly determined on the desired output of the spraying process), which is
mainly affected by the viscosity and surface tension of the sprayed liquid. The
size of the cone angle is also known to be slightly affected by the ratio between

the diameter and length/diameter of the atomizer.

Examples of plain orifice atomizers include diesel injectors, which provide a
pulsed intermittent supply of fuel to the combustion space and is widely
researched in the literature. Commercial software such as ANSYS
(Canonsburg, PA), Siemcenter STAR-CCM+ (PLM. Plano, TX) are used for
predicting atomizers behaviour. However, there remains challenging in
predicting the spray itself. As such, commercial software provides empirical
correlations to describe atomization process. Simulations have been used to
predict fuel spray penetration and trajectory within a combustion chamber, in
turn assisting with engine design and comparisons with existing experimental

data.

The main disadvantage of plain orifice is the narrow spray cone angles it

exhibits, which will fail to cover a large surface area for most practical
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applications. On the other hand, pressure swirl atomizers (also known as
simplex) can generate wider cone during a spraying event. The centrifugal
force creates a swirl motion on the liquid, hence spreading into a conical sheet
as the liquid leaves the nozzle. The sprayed cone can be hollow or solid. In
the solid cone angle, there is a uniform distribution of the droplets, whereas
the hollow cone spray, most of the droplets are delivered at the outer edge of
the conical spray pattern. The spray structures are illustrated in Figure 2.1.
The disadvantage of solid cone nozzle is the coarse atomization at the centre
of the spray, where the droplets are bigger compared to those at the periphery.
Hollow cone, on the other hand provides better atomization, and several
industrial processes prefer its radial liquid distribution compared to the solid
cone (65).

In the pressure swirl (simplex), the sprayed liquid spreads to form a hollow
conical spray, with spray angle varying between 30° to 180° depending on the
application. The finest atomization is achieved at high pressures and wide
spray angle. Depending on the application, a solid cone angle may be
preferred and can be achieved by introducing an axial jet or ay alike device, to
spray drops in the centre of the hollow conical spray. When a liquid is sprayed
it goes through several stages before reaching atomization as shown in Figure
2.2. The liquid dribbles from the orifice as a thin distorted pencil. A cone forms
into a closed bubble, also known as onion stage, then erupting into a hollow
tulip- shaped, forming large drops and into smaller ones as the inject pressure

is increased.
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Figure 2.1 Schematic diagrams for the two types of spray pattern produced from simplex
atomizers, of which circumferential patterns is dependent on the nozzle design. (a) Hollow
cone: produced when most of the droplets are concentrated at the outer cone edge of the
conical spray patter and (b) Solid cone: droplets are mostly uniformly distributed throughout
volume of the cone pattern (65).

L

° Smooth film Smooth film .
° forming s
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° o bubble
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Figure 2.2 Stages of spray development as injection pressure is increased; modified from
Lefebvre (2017)(65).
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2.6. Basic processes of atomization

Atomization takes place following the interaction between internal and external
forces of a liquid, resulting in the bulk liquid being converted into small drops.
The most elementary form of atomization is the quasi-static case; this occurs
when there is a slow liquid discharge from the nozzle diameter, at which stage
gravity exceeds tension forces acting on the liquid and droplets form. As a
result of the small discharge, the mass of a drop m,, is defined by gravitational
forces g and tension forces o, as the fluid is emitted from a circular tube with

diameter d,, as:

my = 222, (2.1)

Assuming the drops are spherical, the corresponding size of the droplets’

diameter is defined by

p="> (6;0;). (2.2)

It is also theoretically stated that gravitational forces are significant during
formation of large droplets and can be negligible during formation of small
drops. Atomization involves several interactions between a liquid and the
surrounding environment (air), thus leading to droplets formation which are
subject to aerodynamic pressures. The pressure distribution acting the
droplets, attempt to stabilise the internal forces with the external forces through
surface tension between the liquid and the liquid viscosity. During equilibrium,
the internal pressure balances the external aerodynamic pressures and the

surrounding tensions pressure, as such that

P = P4 + ps = constant. (2.3)
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Assuming a drop has a shape of a complete sphere, then

40

Do = D (24)

Based on the defined relationship above, a droplet maintains stability when a
change to its surface pressure is balanced with a corresponding change in
surface tension. However, if the aerodynamic forces are greater than the
surface tension pressures, the external pressure may deform the drop and
lead to further reduction of surface tension pressures. High speed
photography has been able to show how droplets split when subject to
aerodynamic forces, which depends on the surrounding flow pattern.
Research has identified three basic kinds of deformation; lenticular, cigar-
shaped and bulgy (see Figure 2.3). During lenticular deformation, the drop is
flattened forming an oblate ellipsoid; the deformation is dependent on the
magnitude of the internal forces causing the deformation. This type of
deformation occurs when drops are subject to aerodynamic pressures or
viscous stresses, which are produced by rotating and parallel flows. The
ellipsoid then gets stretched into a flatter geometry, thus giving rise to smaller
droplets. The cigar-shaped deformation can also break into a long cylindrical
thread, in turn releasing smaller drops. Bulges are created from parent drops
to form smaller ones, following irregular patterns. As a result, the choice of
deformation cannot be externally controlled, as it is subject to the gas and

liquid’s viscosity, density and the flow pattern around a droplet.
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Figure 2.3 Basic type of globules formation derived by (65).Lenticular deformation: the droplet
is flattened and forms an oblate ellipsoid; this is indicated with a solid line as an elliptic shape.
The subsequent deformation depends on the magnitude of internal forces that cause the
deformation. Cigar shaped deformation: the initial droplet elongates into a long ligament, in
turn breaking into smaller drops. Bulgy deformation: the drop surface turn into a bulge, that in
turn creates smaller daughter droplets from parent droplets (65).
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To summarise, droplets breakup in a stream is characterised by dynamic
pressure, surface tension and viscous forces. For liquids with low viscosity,
droplets breakup is characterised primarily by ratio between inertial forces and
surface tension forces. These two terms for a dimensionless number known
as the Weber number (We); which is defined as the ratio of dynamic pressure
to pressure as a result of surface tension. The larger the We, the greater the
ratio between the external pressure forces and the deforming surface tension
forces. The initial condition for breakup is determined by equating
aerodynamic drag to the surface tension force, which is

7TD2 2
CDTO.SpAUR =nDoao. (2.5)

Where, it compares inertial with viscous forces. This equation (2.6.5) can be

rearranged, it defines the dimensionless Weber number as

pAU}%D _ Inertia i (2 6)
o Surface tension’ '

Where p,U3 is the dynamic pressure and %the pressure as a result of surface

tension. Several experimental methods have been implemented to investigate
aerosolization of large droplets. It has been theoretically and experimentally
proven that the breakup method of aerosolization is characterised by exposure
to steady acceleration or sudden exposure to a gas stream of high velocity.
With exposure to steady acceleration, droplets rapidly flatten, whilst at high
velocity stream the liquid forms an almost circular rim with fragments of

bubbles at the centre.

When a liquid is released from a nozzle as a continuous jet, it disintegrates
into filament and drops, which interact with the surrounding air. This process
in known as primary atomization. When drops are formed, and they exceed
their critical diameter size, their disintegration goes into a further atomization

stage, known as secondary atomization. This stage is directly related to the
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breakup model. There different linear models describe liquid disruption during
atomization, however all producing similar results (65,81). Each theory had
different focus; from jet geometry and jet disintegration, to jet instability and
drops behaviour when subject to low velocities. The latter is derived from
Rayleigh’s analysis, which simplifies the liquid as a long inviscid column and
neglects influences from the gas phase (81). The literature (65) identifies four
methods of drop formation:

1. The Rayleigh mechanism, which consist of drop formation without air
friction. The symmetrical waves are formed following interactions
between primary disturbances in the liquid and surface tension forces.
This method outlines a linear relationship between the jet length before
breakup and the jet velocity (Figure 2.4a). According to Weber’s theory,
there is a linear relationship between the length of the jet before the
breakup and the jet velocity.

2. Drop formation through influence with air, the jet velocity increases, and
the aerodynamic forces cannot be neglected (see Figure 2.4b).

3. Thisregime develops a sinuous jet oscillation and reduce the influences
of surface tension (see Figure 2.4c).

4. Chaotic and irregular liquid break at the nozzle, causing full jet

discretization.

Spray based systems have been in existence for almost a century. A review

on their evolution is presented in section 2.7.
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Figure 2.4 Drop formation mechanism (65).(a) Drop formation without air influence, showing
a radially symmetrical wave following interactions between the liquid surface tension forces
and disturbances in the liquid. (b) Drop formation with friction and aerodynamic forces cannot
be neglected as jet velocity increases. (c) Breakup caused by air frictions as aerodynamic
forces increase (65).
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2.7. The evolution of spray-based systems for application

in industry and medicine

The spray applicators identified in this review are extracted from the patent
literature and summarised in Figure 2.5. This section is grouped according to
the principles by which the designs operate. The design concepts were
developed for several applications such as gastrointestinal bleeding,
cutaneous application, insulin injection, dental procedures and for male and
female genital tracts. The overlap with spraying concepts for household and
industrial applications are also discussed when appropriate. The following
chart summarises the spray applicators developed, their key features and

clinical applications where they have been implemented.
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Concepts’ sketch Year of release and main features
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Figure 2.5 Spray applicators developed and respective key features with respective clinical
application recorded in the literature. Some of the features developed are not limited to dual
syringe (a), single hand operation, closely representing the Baxter Easyspray system used in
this thesis (b), manually operative valve (c), application for large areas (d), vials with different
cross-sectional area (e), ease of manipulation at various orientations (f), dual cannula delivery
head (g), syringes with different orifice size (h), pistol grip (j), fluid components stored in
parallel (k), introduced housing for gas supply (I), multiple lumen body attachment (m) and
components delivery through separate channels (n).
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The evolution of spray systems summarised in Figure 2.5, will be referred to
throughout the next section. The main design features are the dual syringe
concept, a cannula head, pistol grips (in some rare cases) and the introduction
of external air pressure. The dual syringe and dual cannula head concepts
were introduced to facilitate multiple fluid delivery and simultaneous mixing.
The occasional pistol grip approach and the introduction of external air
pressure to facilitate fluid delivery will be discussed below.

2.7.1.Dual syringe and dual cannula delivery head

The very first dual-syringe (Figure 2.5a), relates to an apparatus used for
delivering biological compounds within human natural cavities , such as male
and female genital tracts (82). The apparatus consists of two cylinders acting
as reservoir for the two different fluids to be mixed, and a connecting chamber
where the mixing takes place just before delivery within the cavity. Plungers
were introduced in subsequent designs to facilitate the single hand operation
of the one-way syringe bodies (Figure 2.5b). The dual syringe concept has
been used to date by various commercially available devices such as the

Easyspray System (Baxter Healthcare), which will be discussed later.

A similar design is maintained for a single hand apparatus for simultaneous
application of hydrogel components, yet benefitting from the dual syringe
mechanism (83). It differed from previous designs where the vials had different
cross-sectional areas and were connected through a collecting point, where
the mixing takes place (Figure 2.5b). This design helped to overcome
premature hardening, which was encountered in previous designs, when
delivering highly viscous substances (84). Premature hardening does not work

in favour of cell delivery, as it would act as a barrier to cell proliferation.
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However, this apparatus could not be gripped comfortably in a variety of
orientations, therefore making manipulation difficult. In addition, the needle
became blocked and had to be replaced from time to time, whilst surgical
procedures were being carried out. Thus, to control the volume of fluid
delivered, a second inlet to pump a sterile gas such as compressed air was
introduced. This enabled reliable mixing taking place before reaching the area
of application. The method appeared to be more economical, as it helped

controlling the volume of the fluid to be applied.

Another design concept was motivated by sequential and parallel delivery,
inspired by insulin administration for diabetic patients (Figure 2.5c) (85). The
novelty of this patent lays on the manually operated three position rotatory
valve, introduced to control the filling of the syringe and outflow movement of
the liquid. Increasing the pressure of the medicinal gas affected the
atomisation phase of the fluid at the tip of the mixing needle or at the mouth of
the catheter lumen (86). The benefit of this arrangement was that the
apparatus could also be used for small areas of application. Although this
could be the ideal concept as the spraying would be applied on different
organs, to the best of our knowledge, there are no recorded information from
the literature with regards to spraying parameters being met through this

specific apparatus.

An additional component was introduced to prevent clogging (Figure 2.5d);
however it only appeared suitable for application on large areas and not for
microsurgeries (87) . Packaging of needles for assembling the apparatus was
also introduced. The syringe bodies were held in parallel through a clamp,
specifically designed to help the surgeon use the apparatus in various
orientations and facilitate a single handle application (Figure 2.5f). To prevent
blockages, the tip of each syringe was attached to an adapter head, in turn
connected to separate needles. The needles were then bent so that they had

elongated sections parallel to each other, to promote simultaneous delivery
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and potentially avoid premature hardening. Despite this feature, to the best of
our knowledge, the design is yet to be applied to any real clinical application.

Another unique feature was the plastic connector having two semi-cylindrical
channels (Figure 2.5f), which were used to hold the syringes in place. This
facilitated gripping the device in between the fingers, and eased operation for
spraying in different orientations. In this way, the hydrogel components are
kept parallel to each other, until reaching the site of application. By using a
unique needle design to prevent clogging, this invention was followed by using
a dual cannula delivery head.

The dual cannula delivery head appeared to be an important feature to
facilitate simultaneous multiple fluid delivery (Figure 2.5g). The multichannel
head is a requisite incorporated in the dual cannula for a dual syringe
applicator system (80). Several multichannel head designs were developed;
some with (Figure 2.5l) and some without air channels (Figure 2.5i). The
delivery head with the air channels support the spraying of the hydrogel onto
the injured area. The air channel was positioned in parallel with the delivery
channels of hydrogel components (Figure 2.5m), hence facilitating fluid
delivery and covering a larger surface area. In a design introduced by
Zimmermann (88), the gas channel was divided with a separating web into a
multichannel. When the hydrogel was sprayed, a spray cone was created,
promoting uniform mixing of the hydrogel components and accurate spraying

dependent on spraying distance and pressure applied (88).

A dual cannula delivery head design provided the advantage of lock fitting from
the manifold component, through the syringes to the hollow needle, to promote
simultaneous delivery of hydrogel components (89) and avoid careless
separation of the parts during a surgical procedure (Figure 2.5n). The
simultaneous and separate delivery of the a biopolymer was introduce to

prevent blockage, but showed little success (90). With simultaneous delivery,
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certain designs lacked the appropriate fitting of the delivery tubes and they
appeared to be difficult to manipulate with one hand. Another method of
delivery using a similar design introduced an offset position of the syringes

with a plunger holding them in place to prevent any longitudinal movement.

A new method of delivery was introduced as a better alternative to prevent
mixing taking place within the system that allows rapid and complete mixing of
the solution. This arrangement was introduced to facilitate dispensing more
viscous fluid components such as fibrin glue. This method involved delivering
the components separately whilst supporting the atomisation process. In this
way, there was no blockage within the nozzle or the needle. This design was
beneficial by acknowledging that the nozzle size will affect the spraying pattern
generated. A connecting head with different orifice sizes was attached to the
tip of the syringes (Figure 2.5 h).

2.7.2.Pistol grips

Pistol grips are employed to store sets of fluids that would be mixed prior to
use, such as adhesives and glue. The pistol grip design by Holm (91), was
described as a dispensing device for at least two fluids stored in a piston-like
housing where a spring-like trigger was used (Figure 2.5i). An advantage of
this device was the low manufacturing costs involved, thus promoting an
affordable delivery system. This innovation promoted an improved
homogeneous spraying that allowed control over the volume of fluid delivered
in one application. Another advantage was that the thumb pressure was not
adopted in most of the dual syringe applicators and dual channel delivery head
systems. Subsequently, pistol grips and gun-type designs were developed to
assist with fibrin glue delivery. As such device required the syringes to be
operated at the same time, the disadvantage of this design was the greater
frictional force arising from the applicator’s gun-type trigger, making the design

difficult to operate with one hand and not suitable for medical applications
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involving small anatomical structures. However, this design is yet to be applied
to medical application as it is more suitable for industrial and household
products. This is due to associated increase in manufacturing time and cost,
and unsuitable size for clinical settings. A variation of Holm’s patent (91)
introduced the use of compressed gas to create an atomisation spray.
Similarly, to previous designs, the use of two syringes was still required to act

as reservoirs.

2.7.3.Dual channel pump sprays

Additional applicators were later developed, aimed towards household
products such as cleaning agents and starches, which allowed the storage
and delivery of multiple fluids (80). A similar concept was later adopted where
the design consisted of the vials being placed directly in the applicator (Figure
2.5k), without the use of needles for manual transfer (92). Although, dual
channel pumps were further developed for several products to promote low
manufacturing costs and control the volume of the fluid sprayed, there are still
disadvantages associated with the complexity of the applicator, which would
be difficult to use with fluids of high viscosity. There are also high costs
associated with supply chains set up to fabricate the number of small parts
involved in assembling a spray device. Such sprays are assembled by robotic
factories, therefore would demand very high costs to manufacture similar

products.

2.7.4.Gas driven applicators

An advantage of adopting gas driven applicators, is their ability to provide a
homogeneous fluid distribution, by spraying cells on a layer-by-layer basis to
accelerate healing (66). The benefits identified in these spraying designs
developed over the years, lead to the development of the spray system from

Baxter Healthcare, which has been used in several animal studies (67,70) and
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will be used as a starting point in this thesis for a potential cell-based therapy
to treat retinal diseases such as glaucoma. Details will be discussed later in
Chapter.

Some spray designs were developed based on mathematical approaches that
reduce the amount of pressure required, by releasing compressed gas through
narrow orifices. A unique design consisted of a portable dual-channel
applicator, which had no moving components. The system is initiated by
opening the trigger's air valve, which would eventually expel the hydrogel
components from two separate tubes, mixing together at the site of application.
Other applicators used a combination of gas and vacuum and manual force to
start the system. A specific innovation adopted the use of two syringe-like
reservoir. Nevertheless, there are still problems associated with internal
blockage, hydrogel wastage and incompatibility with the nature of surgical
procedures, perhaps owing to the nozzle dimension and the viscous nature of

the biomaterial.

Based on the various spray systems developed over the years, the most
prevalent problem was blockage of the needle with substances. This has led
to further development of systems with less moving parts (hence facilitating
fluid delivery that provide stability during surgical procedures), introducing
homogenous fluid mixing prior to delivery and homogenous fluid coating. To
determine whether a computational approach will help overcome the above
guestions and develop organ-specific parameters such as required volume
flow of the cell suspension and the external air pressure at the injector, we
analyse a potential treatment for glaucoma. We will now start by describing
the spraying device used for the animal study in section 2.9 and in other
studies (67,70). We also intend to use the same equipment during the

experimental analysis (see chapter 5).
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2.7.5.Baxter Healthcare Easyspray System™

The Easyspray System developed by Baxter Healthcare Corporation USA, is
readily available in the market and closely represents the setup in Figure
2.5(b), where the design promotes simultaneous delivery of multiple fluid
components, mixing the components prior to reaching a desired sight, ease of
manipulation through single hand application and integrating external air
pressure to create aerosolization effects.

This system is made of the following components: a joining piece, a
DUPLOJECT plunger and a DUPLOJECT two syringe clip (see Figure 2.6).
Two syringes are loaded with fibrin glue components: the sealer protein and
thrombin solution. The syringes are then fixed into the DUPLOJECT two-
syringe clip, which holds them in place and allows thumb pressure to be
applied simultaneously by holding both syringe plungers together. There is
also a safety strap provided on the joining piece itself, to fully constrain the
syringes and prevent disassembly and leaking during spraying. The joining
piece connects the application needle to the remaining apparatus, which
varies in size depending on the volume of the spraying to be applied (see

Figure 2.6 and schematic overview in Figure 2.7).

The external pressure regulator is attached at the bottom of the joining piece,
with pressures applied ranging between 0 and 2 bars. As the diameter of a
human eye can range between 2.3-2.6 cm (93), it was recommended from the
host lab that an ideal spraying should cover a distance to be less or equal to

2cm.

Using the current setup of the Baxter system as a reference point, with a
simplified version of a potential surgical setup (Figure 2.7) it is hoped to
eventually derive ranges of pressure, volume and flow rates suitable for the

human eye, which varies from the animal models dimension and can be
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potentially applied to the human eye. Such a device could potentially be used
for cell delivery through robotic surgery and microsurgical technique in the
retina; which has been widely reviewed over the past decade (94) as
discussed in next section. If combing robotic surgery with the mathematical
modelling technique devised in this thesis, aerosol spraying parameters could
be closely monitored and tuned according to patient-specific eye geometry

and introduce accuracy for cell delivery.
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Figure 2.6 (a) Baxter Easyspray set components and (b) different needles used for different
clinical applications (95,96).

INLET 1

OUTLET
i <
<} [ P
« » I . .
Region 1- cellular gel T Region 3- air+gel
INLET 2
Region 2-air

Figure 2.7 Two dimensional schematic diagram for the Easyspray System shown in Figure
2.6, comprising of the dual syringe system, showing secondary inlet for external air pressure
and needle through which the cell-laden hydrogel will be sprayed through.
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2.8. Microsurgery in the retina

Robotics has been widely used in surgery for several years in various
disciplines such as gynaecology, urology and cardiovascular surgery (97). Its
use in ophthalmic surgery is still at its early stages due to restrictions with
existing equipment, such as ease of manipulation, executing seven degrees
of freedom and compatibility with surgical environment.  Robotic surgery
would overcome some involuntary movements faced by conventional surgery,
that will have a negative impact on the overall surgery; such as tremor, jerk
and low- frequency drift (94); which also affect conventional microsurgery in
the retina. Retinal microsurgery involves a challenging set of surgical tasks,
needing miniature and sophisticated instrumentation and requires instruments
which enable ease of manipulation and precision (98). During conventional
vitreoretinal surgery, a cannula with a diameter of less than 1 mm is inserted
through an incision made through the sclera as briefly discussed in section
2.9. The increased demand for retinal surgery over the past four decades has
stimulated advances of instrumentation technology to treat conditions such as
retinal detachment, macular hole and treating the epiretinal membrane. With
the need for dedicated ocular robotic surgical system, these have been
classified in the literature into four main categories: hand-held surgical tools,
co-manipulation systems, telemanipulation systems and magnetically

controlled micro-robots.

For example, the recent study by Edward et al (94), uses telemanipulation,
which previously showed success through animal trials. The study integrated
the first use of a remotely controlled electronic robotic device, for high
precision surgery inside the eye. It provides proof of concept that general
intraocular surgery can be carried out using robotic assistance. Here, a
randomized double-armed clinical investigation was carried out to compare
robot-assisted and manual surgery in patients needing retinal treatments. The
procedures (requiring high level of accuracy and precision) were used as test

models to evaluate feasibility and safety for introducing robotic assistance in
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ophthalmology. If robotic assisted surgery could be used for treating retinal

diseases, stem cells could be aerosolized in a controlled manner.

Through this, the surgeon is able to align the equipment accordingly, pause
the operation if required and promote drug delivery onto the correct tissue
plane. The tip of the cannula position was paused to control rate of drug
delivery and promote safety during the procedure. Such technique could be a
great advantage it incorporated for controlled delivery of stem cells into the
human eye. Not only it would control spraying parameters such as volume flow
rate and external air pressure for aerosolization, but also support safe cell
delivery to promote cell proliferation post-aerosolization. Although the robotic
assisted was more time consuming than the manual surgery, safety was used
as a measure of success rather than operating speed. For example, with the
robotic assisted surgery there were fewer haemorrhages and on this instance,
there was no system malfunction. A manipulator used in the literature by
Jensen et al (99), consisted of a computer-controlled surgery, specifically
manufactured for retinal microsurgery. This equipment had the ability to align

instruments precisely at the retina surface, providing six degrees of freedom.

However, with robotic surgery, precision is traded for surgical time. A
disadvantage that arose through robot assisted surgery is that it was slower
compared to manual surgery. For example, to align the 23 G cannula by the
retinal surface from the sclera it took 2 min 26 s and it takes 12 s through
manual surgery. Also, the overall surgery took 55 min through the robot and
31 min through manual surgery. However, it might be argued that the length
of surgery might necessarily not be a disadvantage, if it compensates with

increased cell viability and proliferation at targeted sites.

This is considered a relevant operation for treating retinal degenerative
diseases such as glaucoma. The size of the retina vessel has restricted

several microsurgery procedures from being performed by hand. Other
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restrictive factors include the fragility of penetrating equipment needed for the
procedure and limitations from manual dexterity (99). For example, when the
micro pipetting is inserted for local anaesthetic delivery, it must remain within
the retinal lumen for several minutes, whilst pressure inside the eye is
measured. However, further research is required to identify most suitable
experimental protocol and technique for stem cell delivery that will promote
cell proliferation post-aerosolization. As mentioned in Section 2.7, combining
mathematical modelling with robotics approaches will give a much detall
insight into development of spraying devices for cell-based therapy, by
promoting automating control of input n output parameters by specifically
defining the desired outcome and reducing human errors during surgical
procedures. Next, we explore experimental protocols that have been
developed in animal eye models, and of relevance for delivery cell-based
therapies to the retina.

2.9. Experimental protocol derived from animal study as
benchmark to develop future procedure stem cell

delivery

This thesis focuses on a recent animal study, to suggest a potential technique
for stem cell delivery. This study showed that isolation and culturing of human
Muller stem cells (hMSCs) have the ability to differentiate into functional RGC
precursors when in vitro and migrated into RGC layers when transplanted in
vivo, thus partial recovery of visual function in an experimental model of
glaucoma (63). This was carried out using rodent eye models. The small
vitreous volume compared to the large crystalline lens allows the cells to be
delivered closely to the inner retina surface (see Figure 2.8a). However, this
is not the case for the large mammalian eyes, which have a smaller crystalline
lens and a greater vitreous volume compared to the rodent eye (see Figure
2.8b). This means that upon injection, cells need to travel a longer distance.
With feline eyes having a similar anatomical structure to that of human eyes

(see Figure 2.8c), a recent experimental method was developed at the Institute
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of Ophthalmology to deliver therapeutic stem cells to the inner retina (5). We
therefore hope to use this experiment setup as a platform to upscale cell-

spraying from animal models to humans.

The procedure involved carrying out a complete posterior vitrectomy prior to
delivering the cellular scaffold to the inner retina, thus preventing the fluid
inside the eye, known as vitreous humour, to act as a batrrier. Vitrectomy is a
surgical procedure where the vitreous humour is removed from the eye. Three
scleral incisions were made using a 20-gauge (20G) cannula on either side of
the sclera to supply pressurized air and deliver the cellular scaffold (Figure
2.9). Subsequent procedures involved fluid-air exchange to maintain the
intraocular pressure; and attachment of a cellular scaffold made of collagen

and retinal cells on the inner surface of the retina.

Vitrectomy is performed in cats (see Figure 2.9 and Figure 2.10) as the eye
model has a larger vitreous volume compared to rats’ eye models, where no
vitrectomy was needed. Therefore, following this animal method as
benchmark procedure, the prospective cell therapy will involve cell
aerosolization onto the retina surface after vitrectomy. During the
aerosolization process, the cellular scaffold combines with the external air
pressure, forming a multiphase flow. To predict and understand the behaviour
of the sprayed mixture, we will now look closely at the mathematical theories

that may be used to describe such a multiphase flow.

80



(@) (b) (c)
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Figure 2.8 Schematic diagram comparing sizes of lens and vitreous of (a) a small rodent with
a mean axial length of 6.9 mm, (b) a human eye with mean axial length of 23.9 mm and (c) a
feline eye with mean axial length of 20.9 mm. It is clearly illustrated the small rodent eye has
a large lens and smaller volume of vitreous humour. The human eye on the other hand, as a
larger volume of vitreous humour and a smaller lens, which surgical access to the vitreous
cavity more challenging (5).
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Figure 2.9 Incisions made on the cat’s sclera, shown through the blue lines and the red line

(5).

vitrector

retina bleeding

Figure 2.10 Human eye illustrating the vitrectomy procedure carried out. The cannula and the
vitrector is used to extract the vitreous humour (100)

82



2.9.1.Modelling the multiphase flow

Based on the experiment described in section 2.9, we focus on delivering a
cellular scaffold onto the inner human retina following vitrectomy, which
consists of removal of the vitreous humour from the eye (Figure 2.11). In this
thesis, the set up for the potential human therapy will include the Baxter
spraying system as a tool for carrying the cellular suspension inside the vials,
connected to an external pressure regulator pumping gas into the eye to ease
cell delivery through aerosolization (see Figure 2.7). The setup for the dual
syringe system equipment is simplified to a 2D model, with the assumption
that hydrogel components to make the cell-based scaffold have been mixed).
Further details on the selected hydrogel for cell delivery will be discussed in
Chapter 3. We present the mathematical theories applicable to the such
multiphase spraying systems, with the provision of the specific mathematical

model and computational model detailed in Chapter 4.
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Figure 2.11 Anatomy of the human eye with a typical average diameter of 25 mm, showing
the location of the vitreous fluid, covering % of the human eye’s volume (101).
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To study the spatial distribution and the behaviour of cellular suspension
droplets sprayed onto the inner surface of the eye, we will use Computational
Fluid Dynamics (CFD). The use of the CFD solver Simcenter STAR-CCM+ will
enable spatial simulation of aerosol spraying into the human eye, using real
measurements of the eye (102,103). Simcenter STAR-CCM+ is an integrated
comprehensive engineering simulation package (104), with high capabilities in
addressing multi-physics problems and complex geometries. Mathematical
theories are used to describe the behaviour of the cellular mixture at different
stages of the apparatus set up.

The cellular suspension is composed of neural stem cells and fibrin-based
hydrogel, a biodegradable biomaterial acting as a scaffold by holding the cells
in place. As the cellular suspension is displaced from the syringe vials (through
the nozzle into the eye), a spray is generated and the droplets path is bounded
within a cone-like region, which generates upon the fluid-gas interaction at the
nozzle and is directed towards the target region (105). Once the cellular
mixture encounters air, they both interact with one another through

displacement and interphase momentum and aerosolization.

The cellular scaffold is described mathematically as a multiphase flow. A
multiphase flow is a flow where multiple phases interact within the same
system. Examples include liquid-fuelled combustors, chemical reactors and
sprays. Multiphase flows can be categorised into dispersed flows such as
bubbles and droplets, and stratified flows such as free surface flows (104). In
this research, we are working with droplets. In this thesis, we consider a
multiphase flow consisting of a dispersed phase which describes the cellular
suspension, and a continuous phase describing the air. Full details of the
mathematical and computational descriptions, and geometry, will be provided

in Chapter 4.
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2.10. Summary

With the increased demand for cell-based therapies to treat chronic diseases,
cell-spraying is identified as a promising technique offering direct and rapid
application of stem cells onto the diseased anatomy. With the historic success
of this procedure for treatment of cutaneous wounds and burns, cell spraying
applications are now being explored to treat degenerative retinal diseases
such as glaucoma. There are existing limitations associated with practicality in
delivering these cells onto the large retina surface. Theories of aerosolization
are therefore used to analyse and predict the potential behaviour of the cellular
suspension once sprayed. Additionally, key features for future spraying
applicators are identified by reviewing evolutions of spray systems used in
medicine and for industrial applications. For example, a key feature such as
integrating a dual syringe concept for application of prospective cell-based
therapies, is justified due to the potential viscous nature of the biomaterial that
may be used as a cell delivery vehicle. The mechanical properties of possible
hydrogels to be used as a delivery vehicle will be identified in Chapter 3. In
order to derive surgery specific parameters, the setup from an existing protocol
from an animal study (involving intraocular vitreous removal) is used as
benchmark for future development and for hopefully introducing simultaneous
spraying of cells with hydrogel. However, due to geometric variabilities
between rats and adult human eyes, the existing protocol from the animal
study does not provide spraying parameters suitable for human eye. As such,
parameters relative to human eye geometries and will be derived in the

forthcoming Chapters.
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2.11. Research Objectives
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Figure 2.12 Computational and experimental objectives for this research.
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The objectives for this research are divided into two interlinked categories;
computational and experimental. The experimental work includes
characterising rheological properties of the fibrin-derived hydrogels (see
Chapter 3), to provide parameters which are then imported into the 3D
computational model of the eye, (Chapter 4). The computational section starts
with the development of a 3D computational model for the human eye using
dimensions from the literature. Human eye dimensions vary from patient to
patient; however, we use average values from published data. It is hoped the
model will also be used as benchmark for testing several patient-specific eye
dimensions and spraying parameters in the future. Model predictions are
tested through further experimental analyses (for example, by validating the

surface area spraying for a range of spraying parameters).

Ultimately, the computational models are used to define spraying parameters,
which will be used for future designs of spraying systems for treating retinal
diseases. The use of mathematical modelling in deriving organ specific
spraying parameters and as tool for advancing cell-based therapies are finally
discussed. It is hoped that we would eventually introduce a computerised
system to facilitate parameter control. This may hold a greater advantage
compared to a manual one (such as the Baxter system), by providing more
accuracy and reliability on the required air pressure for aerosolization and

volume flow rate for the cellular suspension.

The success of using of mathematical modelling for advancing cell-based
therapies, could hopefully introduce development of a virtual computational
model that will allow to control parameters such as volume flow rate, nozzle
diameter, external air pressure; and assess how established relationships
among these parameters may affect spraying outputs such as retinal surface
area covered, thickness of cellular scaffold at the retina and wall shear stress
at retinal wall upon spraying impact. For example, changing the geometry of

the nozzle will equally impact other spraying outputs such as droplets velocity
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magnitude, droplets mean dimension at the retinal wall and film thickness of
the cellular suspension. Although in this research we do not focus on varying
the geometry of the nozzle, if we develop a model that allows interchangeable
nozzles to be used, it is believed the same approach may be implemented for
other clinical applications and hopefully integrate microsurgery techniques in
the future for cell spraying, which will be validated with further in vitro and in
vivo studies. This thesis firstly starts with material characterisation for the

chosen hydrogel to facilitate cell delivery.
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This Chapter presents different biomaterials used in ophthalmology and
identifies fibrin-derived hydrogels as the most suitable candidate for cell-based
scaffold therapies. This is due to advantages associated with natural
hydrogels, such as reduced toxicity, ease of injectability and application when
using a syringe, biodegradability and ability to hold cells in structure until
delivered to the targeted site. Rheological testing for the fibrin-derived gels are
conducted to identify behaviours and parameters, which are subsequent

inputs into the computational models.

3.1. Biomaterials in ophthalmology

Biomaterials are defined as substances with natural or synthetic origin, which
assist in treating, enhancing or replacing tissues, organs or functions of the
body (106). They are generally applied as adhesives, sealants, haemostatic
agents, regenerative scaffolds for wound healing and for drug delivery (107).
Extensive advances into biomaterials for medical applications have enabled a
variety of interventions and treatments, as varied as heart bypass surgery,
anaesthetic administration, intravenous drug delivery and blood transfusion.
Extensive research on biomaterials have improved their applications for
ophthalmic surgery by considering features such as biocompatibility,
biodegradation, host tissue response and transparency. Ophthalmology has a
successful history of conventional biomaterials applications including
viscoelastic polymers, drug delivery vehicles, contact lenses and a variety of
implants (108). Their various properties make them potential candidates for

cellular scaffolds to support with structural organisation.

Ophthalmic biomaterials can be synthetic or natural. Synthetic polymers such
as poly (lactic-co-glycolic acid) PLGA and poly (ethylene-glycol) PEG possess
high biocompatibility and biodegradable properties; they have been widely
investigated for their role towards retinal cell transplantation. If a biomaterial
degrades too fast, a fraction of its strength could be lost as such that the

delivered cells separate prematurely and the attachment onto the damaged
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tissue fails. If they degrade too slowly, it could interfere with the regeneration
process. For example, PLGA has supported human embryonic stem cells
(hES) cells in neural differentiation to promote cell survival when transplanted
onto the retina (109). Other synthetic biomaterials used in ophthalmology are
cyanoacrylates. These are widely used in ophthalmic surgery; however, as
they induce inflammation, they can only be applied externally, and they are

therefore unsuitable for in-vitro and in-vivo applications into the neural retina.

Natural biomaterials are viscoelastic, whereby they can exhibit nonlinear
mechanical properties, which are vital for their biological functions.
Biomaterials can degrade at an appropriate rate once applied onto the injured
area. In this type of system, the regeneration process of the cells controls the
biodegradation, also known as biofeedback-controlled degradation (see Table
3.1). During a normal wound healing process, when cells arrive onto the
damaged area, they breakdown the provisional matrix (107). Some of the
natural biomaterials (such as fibrin) undergo this degradation mechanism
because of normal enzymatic processes. The most common natural scaffolds
used for transplantation are derived from proteins and polysaccharides found
in the extracellular matrix (ECM). ECM is a complex environment playing a
vital role in providing tissue-specific biophysical, biochemical and mechanical
properties (110). These properties, in turn influence the design requirement of
a biomaterial for their respective clinical usage, as illustrated in Table 3.1. ECM
provides a niche environment for stem cell proliferation, self-renewal and
maintenance. These derived materials include collagen, gelatine, fibrin and

hyaluronic acid (HA).

Biomaterials are being investigated for their use in retinal application for tissue
engineering and for cell delivery. They could potentially be used as vehicle for
stem cell delivery and hopefully retina reconstruction. A promising candidate
for retinal scaffold would need to provide flexibility and facilitate intraocular
penetration using minimally invasive surgery as proposed in Section 2.9, whilst

also being amenable to surgical manipulation (see Section 2.1, where we
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outline specific spraying parameters, geometry parameters and desired output
from aerosolization). For a scaffold for cell delivery, the interactions between
the scaffold and stem cells need to be considered. Currently there is no
biomaterial that has all the optical properties required for designing a cellular
scaffold for cell transplantation. Thus, a combination of biomaterials may need
to be considered. When adopting such a combination, the mechanical
properties, the controlled degradation, setting time and viscosity are
manipulated by varying the chemical composition of the biomaterial, to
eventually develop a suitable biomaterial to help cellular attachment onto the
retina. The mechanical properties of the hydrogel may impact cell outcomes,
for example the study by Engler et al (111), showed that elasticity of the matrix
on which mesenchymal stem cells (MSCs) were cultured, had altered cell

proliferation rates.

Here we focus on hydrogels, which have been used already in numerous
clinical applications. A hydrogel is a three-dimensional network of polymers,
with the ability to absorb a large amount of water whilst maintaining structural
integrity. Hydrogels are considered as adequate soft materials for several
biomedical applications such as scaffolds for tissue regeneration and culturing
cell substrates, drug delivery and cell encapsulation, and medical devices
(112). In a nutshell, hydrogels are widely used as they can mimic physical
properties of biological tissues, they are biocompatible, with the potential to
respond to small environmental changes. Furthermore, their injectability and
the ease of administration through a syringe is a major requirement sought in

this thesis.
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Table 3.1 Biomaterial Characteristics identified during a range of clinical applications (107).
This table summarises the use of biomaterials in various of clinical settings, along with their
respective outcomes met during the stated applications.

Biomaterial characteristics

Application Viscosity Setting Adhesive Timeto Tissue Tissue Controlled
time strength  degrade irritation ingrowth degradation

Arterial Moderate Rapid High Rapid Low No Maybe

hemostasis

Venous Moderate Rapid Medium Rapid Low No Maybe

hemostasis

Sealant (air, Moderate Rapid High Medium Low No Maybe

fluid)

Embolization Low - - Rapid High No Maybe

Fistula Low - - Medium High No Maybe

occlusion

Joining tissue  Moderate Rapid Medium Rapid Low Yes Yes

Coating Low - Low Slow Low Maybe Maybe

implant

Wound Low - Medium Medium Low Yes Yes

healing

Drug delivery - - - Slow Low No Maybe

Bone repair High Slow High Slow Low Yes Yes

Skin grafts Low Slow Medium Rapid Low Yes Yes
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Different biomaterials applications are associated with several design
requirements (107); Table 3.1 shows some examples relevant to different
applications. Biomaterials have also been developed for some medical
applications and they have combined two or more materials to improve their
existing mechanical properties and functions. For example, ECM components
such as HA, could be added to improve the viscoelastic properties of a
biomaterial. HA, the major component of the ECM of the eye, plays an
important role in the ocular development and it has been used to embed retinal
progenitors, which can proliferate into mature photoreceptors. High HA
concentrations are associated with scar-less wound healing; however, they
are rapidly absorbed by the body once applied onto the wounded site.
Although HA can be used as a potential cellular matrix for the retina, it has the
disadvantage of degrading too quickly, by separating prematurely from the
attached cells and preventing adhesion onto the inner retina.

Other biomaterials that can be potentially used for retinal cell therapies include
fibrin and its derived composites, which are used for selected medical
applications. Fibrin, also referred to as fibrin glue (FG) and fibrin sealant, is a
biological wound sealant; it is by the far the most complex human plasma
derivative and is used across a range of medical applications (113), including
cardiovascular, gastrointestinal, cosmetic, oral, orthopaedic, and urology and
is the dominant biomaterial used for ophthalmic surgery. FG is used for several
surgical and medical platforms to promote homeostasis, tissue bonding and
drug delivery. A possible treatment for glaucoma could involve delivering
therapeutic stem cells onto the inner retina, embedded in FG. The next section

focuses on fibrin in more details and its clinical uses as a cell delivery vehicle.
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3.2. Fibrin glue

Fibrin glue (FG), also known as fibrin sealant, has been hailed as the first truly
successful adhesive in medicine (114). FG is made of two components,
thrombin and fibrinogen. It is a complex and absorbable plasma-derived fluid,
which can be used as biodegradable adhesive to control or to stop bleeding,
or provide air tightness in several surgical procedures (113,115). The fibrin
network provides support to cells, ultimately combining with components from
the ECM to rebuild damaged tissue. FG encourages minimal inflammation and
it is formed when fibrinogen (the main structural protein responsible for blood
clots) binds with thrombin. It is used in numerous surgical procedures
spanning neurosurgery, gastrointestinal surgery, plastic surgery and skin
grafts. FG also has a wide application in ophthalmic procedures such as
corneal perforations, lamellar keratoplasty and suture substitute during

glaucoma drainage surgery (70).

FG acts as an adhesive, sealant and haemostatic agent. It is also used for
other applications including fistula occlusion, embolization, joining tissues,
coating implants, wound healing, drug and cellular delivery, skin grafts and
bone repair. FG acts as a tissue engineering scaffold when it is combined with
therapeutic cells to form a substrate, therefore protecting cells from forces
exerted during the cell delivery process, to enhance cell viability and tissue
regeneration (116).The stiffness of the FG clots vary according to the clot
structure, which depends on the thickness of fibrin fibre, the pore size of the
clots and thrombin concentration. Studies have been carried out showing that
a greater thrombin concentration would increase the stiffness of the fibrin gel
formed (114). This is an important feature, which will be used in the future to
determine the required thrombin concentration to facilitate cell delivery and
prevent clogging in the needle. FG has both viscous and elastic properties,

and these will be characterised experimentally in this Chapter.
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Fibrin-based materials have the advantage of complete degradation and rapid
removal from the body. Although there exist synthetic biomaterials that have
been used in the clinic for some ophthalmic surgical procedures (such as
cyanoacrylates used for skin closures), not all can be applied in the ophthalmic
practice. For this reason, biological biomaterials such as fibrin are potential
candidate for retinal delivery of stem cells. The have excellent biocompatibility,
transparency, setting time and biodegradability and can be applied between
tissues (70). It is hoped that the highlighted features of FG will work as
advantage during the cell delivery process onto the inner retina. There are still
outstanding limitations in adequate methods of cell delivery onto the retina, in

order to promote both cell viability and tissue regeneration.

Delivering cells homogeneously and directly onto the large surface area of the
inner retina necessitates a minimally invasive method which can be rapid and
well controlled. With the high demand for a technique for direct cell application
to treat many retinal diseases such as glaucoma, there is a need for designing
cell-spraying devices. Hydrogels may exhibit both viscous flow under shear
stress and time dependent recovery upon relaxation. These class of hydrogels
are known to be shear thinning. Hydrogels with shear thinning properties are
known to facilitate cell delivery under stress in-vivo applications, by forming
desired mechanical and biological properties (117). During a desired spraying
event, the chosen hydrogel for potential glaucoma cell-based therapy must
flow under modest pressure and set at the targeted area. The mechanical
properties of the hydrogel build soon after the injection and maintain the cell
in place and be biocompatible with no toxicity. Next, we focus on
experimentally characterising the rheological properties of fibrin-derived
hydrogels, which have a robust basis for use as the substrate for cell-based

therapies in ophthalmology.
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3.2.1.Fibrin-derived hydrogel material properties

In this thesis, we computationally model the delivery of cells embedded in a
fibrin-derived hydrogel, made by combining thrombin with fibrinogen (67,70),
onto the retina (see Chapter 4). Here we quantify the rheological properties of
these gels, to provide accurate parameter values for the computational model.
These rheological properties depend strongly on the relative volumes of
thrombin and fibrinogen used to form the hydrogel. Increasing thrombin
concentration relative to that of fibrinogen accelerates the gelation time,
resulting in a denser gel with thinner protein fibres; however, high fibrinogen
concentrations may cause clogging during spraying (116). Here we quantify
the rheological properties of the fibrin-derived hydrogel for a range of thrombin

and fibrinogen compositions.

A serial dilution was carried out for both thrombin and fibrinogen, with the aim
to suggest potential concentration compositions that will promote cell delivery,
without clogging inside the needle. The material properties of these different
mixtures have not yet been rheologically evaluated in the literature. Here, each
component is diluted using phosphate- buffered saline (PBS). The human
thrombin (100 U/ mL), purchased from Sigma- Aldrich (St Louis, USA), was
diluted into 200 uL of PBS, to yield concentrations from 5.00 U/mL to 0.04
U/mL. Fibrinogen (110 mg) was also diluted within 4.15 mL of PBS to achieve
a final concentration of 26.50 mg/mL. Four mixtures were tested with the same
concentration of fibrinogen (0.50 mg/mL) and different thrombin dilution; 0.30,
0.15, 0.08 and 0.04 U/mL of thrombin respectively. The samples were
individually loaded onto the rheometer’s metal plate of the Discovery Hybrid
Rheometer-3 (TA Instruments) (see Figure 3.1), controlled at a constant
temperature of 37°C, Firstly, a sweep test is carried out to evaluate critical
strain values for the hydrogel by observing the material storage and loss
moduli. The region whereby strain is linear is observed and a shear rate value
is therefore determined; a shear rate value of 0.015 s is therefore selected

and applied for the flow peak hold test. The flow peak hold test is carried out
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to evaluate the evolution of the viscosity of the biomaterial. Hydrogel samples
(with a cylinder-shaped geometry with a cross-sectional diameter of 40.0 mm
and vertical height of 1.0 mm) were subject to constant shear rate of 0.015 s

for a period of 10 minutes (600 s).
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The diluted
components are then
applied on the metal

plate of the rheometer Geometry from the
rheometer
compressing the
/hvdroqel
Thrombin  Fibrinogen L
+PBS + PBS f«i:nﬁ iHi

Thrombin and fibrinogen
are mixed with PBS

Figure 3.1 Thrombin and fibrinogen are diluted into PBS and mixed to produce hydrogels at a
range of concentrations which then underwent rheological testing. Fibrinogen concentration
was kept constant at 0.50 mg/ mL, whilst thrombin was diluted from 0.30 U/mL to 0.04 U/mL.

Figure 3.2 Fibrin derived hydrogel sample applied on the rheometer metal plate with a
diameter of 40 mm for mechanical testing, using the Discovery Hybrid Rheometer-3 (TA
Instruments).

100



3.3. Results: Rheological Parameters of Fibrin-Based

Hydrogels

Figure 3.3 and Figure 3.4 describe how the viscosity of different fibrin-derived
hydrogels varies as a function of time. Figure 3.3 describes how the viscosity
of hydrogels varies in time for fibrin-derived mixtures with different thrombin
concentrations. The fibrinogen concentration and volume are kept constant for
all the hydrogel mixtures (0.50 mg/mL and 100 pL respectively); giving a total
hydrogel volume of 420 uL. When subject to shear, the viscosity of the fibrin-
based hydrogels increases as a function of time and then equilibrates, showing
an increase in structural strength of the tested samples between 1.0 and 5.0
s. The lower the concentration of thrombin, the slower the rate to reach the
same viscosity of a higher thrombin concentration. For example, for the
sample with 1.00 pL of thrombin (0.30 U/mL), the viscosity increases between
3.0 and 9.0 Pa.s in just over 2.0 s. On the other hand, the sample with 0.25 uL
of thrombin (0.08 U/mL) takes double the time to achieve the same viscosity.
The data shows hydrogel viscosity increasing in time across all samples; the
higher the thrombin concentration, the higher the gel viscosity. Thus, the lower
the concentration of thrombin in the hydrogel, the longer it would take for the

sample to increase in viscosity.

The relaxation time for the hydrogel samples is beyond the 5.0 s testing
timeframe, however here we focus on characterising rheological parameters
within 5.0 s, as the duration of a spraying event will not exceed this. The
dynamic viscosity gradient in time was also dependent on the thrombin
concentration; the higher the thrombin concentration, the denser the gel and
the higher the maximum linear viscosity before reaching the relaxation period.
Thus, the lowest the concentration of thrombin in the hydrogel, the longer it
takes for the sample to increase in viscosity. In the first instance in this thesis,
we select the mixture with 0.25 pL of thrombin (0.08U/mL) and total volume of
100 mL and impose its time-dependent viscosity into the computational model

based on interpolating the data provided in Figure 3.3. However, we note that
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it would be straightforward to use the computational model to explore other

viscosity profiles in future.
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Figure 3.3 Viscosity of fibrin-derived hydrogels with a fixed fibrinogen concentration (0.50 mg/
mL) with a range of thrombin concentrations, as a function of time, as determined via
rheological testing (error bars represent standard deviation based on n= 3 repeats).the total
volume for each mixture is mantained contstant at 420 pL.
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Figure 3.4 Dynamic viscosity as a function of time for fibrin-based hydrogels with constant
fibrinogen concentration (0.50 mg/ mL) and a range of thrombin concentrations (results show
mean viscosity with error bars representing the standard deviation based on n=3 repeats).
Total volume for each hydrogel mixture is fixed at 420 pL. In general, higher thrombin
concentrations yielded hydrogels with a higher viscosity.
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3.4. Discussion

The goal of this Chapter was to design scaffolds that will be easily injected,
promote stem cells delivery onto the desired anatomy, prevent clogging inside
the needle, be transparent and controlled degradation. By performing a serial
dilution for the components of the fibrin-derived hydrogels, we can quantify the
properties of hydrogels with a variety of compositions. The rheological
properties of fibrin-based hydrogels were evaluated experimentally (see
Figure 3.3 and Figure 3.4). The experimental data suggest that the hydrogels
are shear-thinning fluids; however, as the length of spraying is 1 second, the
viscosity does not very within this short period of time. Constant shear rate
was applied in this research to evaluate gels behaviour, through which
rheological properties of hydrogels were analysed at a fixed the time of 10
minutes, however with attention to the first 3 seconds, as the hydrogel will be
subject to spraying and a spraying event is assumed to last no more than 3 s.
The data from the material characterisation showed that fibrin is a viscoelastic

material, exhibiting both elastic and viscous properties.

During a realistic condition, the shear rate level depends on the applied
external pressure to the sprayed cellular mixture. Thus, for the highest-
pressure condition, the cellular scaffold will be the least viscous. However, it
is imperative highlighting that high pressure and high shear, also means
reduced cell survival and possibly increase damaged to the remaining retinal
tissue. The overall time-dependent hydrogel behaviour exhibited in Figure 3.3

is exported into the mathematical model described in Chapter 4.

These fibrin-derived hydrogels are important as they have the potential to be
used as vehicle for Mueller glia stem cell (MGCs) delivery in ophthalmology.
Characterising these material properties is important to help predict the
behaviour of the mixture during delivery to the retina via aerosolization through

mathematical modelling. The rheological properties of the hydrogels were
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guantified as a function of time, and these data are now available for importing
into a computational model of the spraying process in the next Chapter.
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4.Computational
Modelling of the
Delivery of a Cell-
Laden Biomaterial to
the Retina




This Chapter begins by discussing the history of computational modelling in
healthcare, including within the tissue engineering field. A mathematical model
for simulating the spraying of a cell-laden biomaterial onto the retina is
developed, and its computational implementation discussed. This consists of
constructing a 3D human eye model (using realistic dimensions), followed by
discretisation through finite element method (FEM), and applying boundary
and ambient conditions to mimic the spraying process and environmental
conditions, (including realistic environmental factors, namely temperature and
atmospheric pressure), including the spraying parameters (volume flow rate
and external air pressure). The mechanical properties of the fibrin-derived
hydrogel (see Chapter 3) are inputted as model parameters. A sensitivity
analysis is performed to test the influence of spraying parameters (e.g. volume
flow rate, injector pressure) on key outputs, such as the surface area of retina
covered. These data are used to inform spraying parameters for future

experimental testing.

Advances in information technology have revolutionised biotechnology and
the world of medicine. Computational fluid dynamics (CFD) is defined as a
specialist mathematical area and branch of fluid mechanics, used for
numerous engineering-based systems (118). CFD modelling facilitates rapid,
economical and low-risk prototyping and has transformed research and
development of medical devices and implants. The nature of the physiological
problem and the fluid to be investigated determine the mathematical equations
to be used in the solver, and CFD is particularly appropriate for complex 3D
geometries where analytical analysis would not be possible. The CFD models
may require significant computational storage and time to solve, depending on

the complexity of the computational model.

Several studies have incorporated mathematical modelling in tissue
engineering to promote interdisciplinary collaborations between engineers,
biologists and biomedical scientists. Over past decades, mathematical

modelling has been used in tissue engineering to review mechanical

107



stimulations of functional physiological tissues, by simulating realistic
physiological environment, incorporate realistic mechanical and chemical
factors, to control functional development of tissue engineered structures and
predict tissue response prior to pursuing animal studies. (119). Numerical
results have had a positive impact in analysing and tuning biological
parameters for realistic tissue structures simulated under realistic
environmental conditions through mathematical modelling (120).
Mathematical modelling in tissue engineering is helping investigate specific
biological questions, such as predicting cell mechanics and cell matrix

interactions among many others.

Mathematical modelling has therefore been identified to play an important role
in improving development of medical implants, improving existing bioreactor
designs and tissue engineering therapies through empirical approaches
(121,122). This thesis is therefore used to reinforce benefits of mathematical

modelling to provide insight for spraying parameters for retinal diseases.
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4.1. Computational modelling

Here the computational model is used to describe the spraying technique and
underpinning parameter values and implementation. By simulating a
physiological environment, we could almost say that CFD introduces a ‘digital
patient’ model, whereby realistic human dimensions and boundary conditions
in some cases are sought through real patients using medical imaging
techniques and conventional diagnostic techniques. To accomplish this
process, this thesis uses Simcenter STAR-CCM+, which is a Computational
Aided Engineering (CAE) package providing integrated components such as
3D-CAD modelling, CAD embedding, surface preparation tools, automatic
meshing technology, physics modelling and post-processing. Construction
and solution of a CFD model can be generally described into five stages:
reconstruction of the 3D model, discretisation, defining the physical model,

boundary conditions application, simulation and post processing.

4.2. Reconstruction of the 3D model

A 3D anatomical structure can be extracted through medical imaging
techniques such as ultrasound, CT, MRI or X-ray. However, in this research,
eye dimensions are taken from literature to build a 3D representative eye
geometry (see Figure 4.3) which is then discretised and used as the basis for

simulations.

4.3. The Mathematical model

The spraying of the cell-laden hydrogel is simulated by assuming stem cells
are embedded in the fibrin-derived gel. The mixture is sprayed onto the retina
surface of the human eye (3D model). A two-phase spray nozzle (comprising
of air and the cell- laden hydrogel) is used to generate the spray at a known

distance s from the sclera as shown in Figure 4.1. The fluid at the injector is
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defined as continuum using the Lagrangian Multiphase model, with a constant
density, laminar flow and the same material properties of the hydrogel
characterised in Chapter 3. The multiphase interaction model is used to define
how the fluid and gas phases interact with each other and contains sub-models
predicting conservation of mass, momentum and energy between the two
phases. We create a phase interaction between the Lagrangian phase and the
fluid-film phases. The fluid- film boundary condition is set as such that an
additional fluid- film and wall boundaries are automatically added; to allow cell-
laden hydrogel droplets defined as Lagrangian phase, to be collected at the
retina wall as fluid-film (hence mimicking cell and gel attachment at the retinal

wall).

The geometry of the model is based on mean dimensions of an adult human
eye and the inner retina covers approximately % of the inner optical surface
(102). The 3D domain that is modelled, includes a spherical eye with mean
diameter of 25 mm (102) and an injector nozzle is introduced at position (xu,
y1, z1) mm from the centre of the eye, which is used as origin from the
schematic and for cell delivery directed towards the optic nerve and macula.
The cell-laden hydrogel is aerosolised through the nozzle injector and the
suspension droplets are directed at the optic nerve. A Lagrangian approach is
implemented and the cell suspension droplets are defined as multiphase
viscous material. The droplets’ path is confined in a cone-like pattern,
generated following the fluid-gas interaction at the injector nozzle and directed
to cover the optic nerve and macula (105). The cone pattern created by the
sprayed cellular mixture predicts and defines the sprayed surface area of the
retina. Equations of conservation of mass, momentum and energy are solved
for each phase identified (air and cell-laden hydrogel). Each phase is assumed
as incompressible and with a laminar flow. Materials properties for air (using
Navier-Stokes equations as derived in section 4.6 ) and rheological properties
for the cell-laden hydrogel are defined; the latter are extracted from results of
Chapter 3.
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A no-slip boundary conditions are defined at the retinal wall. An implicit
unsteady model with segregated flow is introduced for time-dependency for
conservation equations for the gas -phase using the second order upwind
scheme. A pressure swirl injector was used to describe the injector inlet,
through the Linear Instability Sheet Atomization (LISA) model, using stated
assumptions in Section 4.7.3. A summary of parameters computed are shown
in Table 4.2. The Lagrangian and Eulerian approach implemented in the

mathematical model are now explained further.
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Syringe carrying cells

Needle <«— infibrin-derived

Retina (region subject to scaffold

spraying)

Air pressure inlet

Sclera

Origin (0,0,0)

Optic nerve
P Nozzle with an inner diameter d

of 0.6mm, located at (xu, y1, z1)
mm. This is the location where
external air pressure and volume
flow rate are applied

Figure 4.1 Schematic representation of the simulation geometry, showing the injector nozzle,
optic nerve and retina locations. For the simulations presented here, the diameter of the eye
(measured to the sclera) is fixed at 25 mm, the diameter to the retina is approximately 24 mm,
and the injector has an inner diameter of 0.6 mm, positioned with its outlet at (x1, y1, z1) mm.
The position of the nozzle defines the distance s, which is the distance between the nozzle
position and the sclera. The geometry between points A and B represents the geometry
modelled in the 3D mathematical.
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4.4. Eulerian Approach vs Lagrangian Approach

There are two methods for modelling particle transport in CFD analysis: the
Eulerian and the Lagrangian methods. In the Eulerian multiphase model, the
phases are described using a continuum approach. The droplets of the cellular
suspension are defined as one phase, treated as continuum. Equations of
conservation of mass, momentum and energy are solved for each phase,
using a control volume as the reference space (Figure 4.1). The Lagrangian
method provides a statistical approach that uses a discrete model and
subsequently calculates the overall particle concentration within the domain.
This method tracks the pathway of each individual particle (123). By tracking
the trajectory of individual particles, the Lagrangian method is also able to
predict the overall particle dispersion pattern, assess the particle concentration

distribution and calculate particles dimension.

In summary, whilst the Eulerian approach models conservation of mass and
momentum through continuum approaches throughout the domain, the
Lagrangian approach applies counterpart physical descriptions to each fluid
particle. With the aim of predicting the overall dispersion pattern and film
thickness of the cellular suspension droplets along with other droplet specific
properties (such as droplet dimension), the Lagrangian approach is the most
suitable. The Lagrangian method can also predict detailed particles properties,

although this requires greater computation time and storage.

Through the Lagrangian framework, the properties of fluid particles such as
position, velocity and change in temperature can be determined as the
particles move and interact with each other within the domain. The Lagrangian
method locates each sprayed particle. Considering a particle with a velocity
vector u, u is dependent on (Xo, t), where Xo is the initial position of the particle
at a fixed time t. In the same manner, the density of the particle p is also

dependent on the initial position xpand time t. The acceleration a of the particle
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Is defined as the derivative of the velocity vector u, asa = Z—’t’. If the fluid is

incompressible in the Lagrangian framework, the density of each particle

remains constant so that

o _
2 =0. (4.1)

In the Eulerian model, on the other hand, the fluid properties are observed as

a function of a fixed spatial location x so that.

u=u(xt)and p = (x,t). (4.2)

The new position of the particle after a minimum time change 6t is defined
as x + dx. Therefore, the velocity at the new position is given, using a Taylor

series expansion by

u(x +6x,t +6t) = ulx, t) + (6x-V)u+ 5t% + 0(6x?,5t2). (4.3)

Analogously the acceleration is

lim 200U _ Ju )y = 2%, (4.4)
6t—0 ot ot Dt

where, %+ u-v= % is known as the rate of change with time following the

fluid particle. The velocity of a particle can change as a function of the
coordinate system. In the Eulerian model, if a fluid is incompressible, the
density of the particle is constant, but not the density of the fluid at a fixed
position in space. Thus, incompressibility in the Eulerian framework is defined

as

22—y, (4.5)

Dt

We assume the cellular suspension is an incompressible fluid; as the density

Is constant as defined in equations (4.1) and (4.2). We will use conservation
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of mass and momentum to derive the Navier-Stokes equation and predict the

Reynold’s number for our fluid flow.

We note that in the surgical setting explored in this thesis, temperature is
constant and thus conservation of energy is automatic (does not need to be
solved for).

4.5. Dispersed phase — droplets

The droplets of the cellular suspensions are defined as the dispersed phase
within the domain. These droplets consist of neural stem cells and the fibrin-
derived hydrogel, which is in turn formed by combining two components known
as fibrinogen and thrombin. A multicomponent fluid can be assumed to be
emulsified or miscible. For an emulsified mixture, it is assumed that the liquid
droplets are unaffected by the presence of air pressure. In a miscible mixture,
on the other hand, the two components (liquid and gas) are affected by each
other’s flow. This relationship is also known as two-way coupling, which will be

discussed later.

Droplets may become unstable as a result of their motion relative to the
continuous phase. STAR-CCM+ provides system specific models addressing
break-ups of liquid models within a gaseous system, namely Reitz and
Diwakar model, Kelvin-Helmholtz Rayleigh- Taylor model, Stochastic

Secondary Droplet model and Taylor Analogy Breakup models.

The momentum equation for each individual droplet is given by

mg =4 = Fyy + F, + Fop + Fy (4.6)

Where

e mais the mass for each droplet;

e u, is velocity of each droplet;
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e F, isthe drag force;

e F, is the pressure force;

e F,, is the virtual mass- defined as the force needed for the fluid
contained in each droplet to travel within the domain;

e F, is the body force.

However, implementing equation (4.6) for each droplet would not be practical.
In STAR-CCM+, liquid droplets are also referred to as particles. In the
Lagrangian framework the liquid particles are grouped into parcels, in turn
representing populations of droplets with alike properties and modelled as
continuum. Using the Lagrangian framework the collective behaviour of the
droplets will be assessed by solving equation (4.6) as a sum of all the droplets.
The droplets are followed through the domain and recorded through the
particle tracking feature; they can be modelled as material particles or
massless particles. In this study, the droplets are modelled as real particles,

by assigning realistic material properties.

Depending on the nature of the problem assessed, multiphase flows can be
simulated differently. STAR-CCM+ provides six different mathematical

models:

e The Multiphase Segregated Flow, also known as the Eulerian
Multiphase model. In this model, the conservation equations for mass,
momentum and energy are solved for each phase. A phase interaction
model is introduced to define the affect one phase has onto another.

e The Lagrangian Multiphase model, where the equations of motion are
solved for the dispersed phase within the domain. The droplets are
treated as a continuum. This is applied for systems with a single
continuous phase holding a very small volume of particles.

e The Dispersed Multiphase Model, which combines aspects from both
the Lagrangian Multiphase model and the Segregated (Eulerian)

Multiphase model, using the Eulerian framework.
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e The Discrete Element Model is an extension of the Lagrangian
Multiphase model; however, the equations of motion are applied to
individual particles rather than applying the equations to clusters of
particles, also known as parcels.

e The Fluid Film Model, which uses boundary layer approximation to
determine the dynamic characteristics of wall films; such as film
thickness, change in temperature, viscosity and shear stress.

e The Volume of Fluid Model, which is applied to a system with two or
more immiscible fluid phases. This model looks at the interface between

the fluid phases and is mostly applicable for marine applications.

In summary, the models above are built using either the Eulerian approach or
the Lagrangian approach. STAR-CCM+, provides a Lagrangian/Eulerian
approach, whereby the momentum and energy equations for the dispersed
phase are derived for each droplet.
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4.6. Derivation of Navier-Stokes Equations for Flow of a
Single-Phase Fluid

The Navier-Stokes (NS) equations can define the velocity vector field that
applies to a fluid. They can be determined by applying Newton’s second law
of motion in combination with fluid stress as a result of viscosity, and a
pressure term. The NS equations can be derived considering the basic

conservation and continuity equations.

4.6.1.Mass conservation

Considering an arbitrary fixed control volume in the lab frame as shown in
Figure 4.2, the theory of mass conservation states that the amount of mass
entering a system is equal to the quantity of mass contained within the system

itself.

Figure 4.2 Fixed control volume V in a lab frame, where the streamlines are used to visualise
the fluid flow.

In other words:
d
alypdV =~ [, pu-nds, 4.7

where n is the unit outward-pointing normal to dV. Applying the divergence

theorem to equation (3), we obtain
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[,22dv =~ [, V- (pu)dV, (4.8)

2, 22av + f,v- (pwyav = o. (4.9)

With the integrals and volumes worth nothing as V is fixed in time t, the

differential equation defining mass conservation is reduced to
2L+V-(pu) = 0. (4.10)
The equation can be rearranged as

Dp sy —
L4+ Vp-u=0. (4.11)

Hence, if the fluid is incompressible, we have

V-u=0. (4.12)

4.6.2.The momentum equation

The rate of change of total momentum within the control volume (Figure 4.2)
is determined by the momentum flux acting through the boundary and the

forces acting on the fluid. Such relationship can be expressed as:

d a
—JypudV =—[ (pwu-ndS+—_ [ FdvV + [, onds. (4.13)
Rate of change ~ Momentum Body Surface
of tot. flux force forces

Sigma (o) from (4.13) is the stress tensor. By assuming the fluid in question is
a Newtonian fluid (which has isotropic properties), its stress and rate of strain
have a linear relationship so that the stress tensor is symmetrical. In a nutshell,
there is a direct proportionality between the stress in each direction and the

strain in that same direction. Thus:
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Stress p T ey 1 Strain
component component

Where the stress component is the same in all directions ( g;; = 0j;). We split

the stress tensor ¢ into an isotropic part and non-isotropic part, also known as
the deviatoric stress tensor d. The isotropic component assumes the fluid is
pushed equally in all directions, and the deviatoric stress d is dependent on
the velocity gradient V-u with d=0, when V-u = 0. With stress being

symmetrical, d is defined as

5}

where A is the isotropic part of the stress tensor (assuming we have an
isotropic fluid) and (4.14) includes both velocity and stresses as variables. By

assuming A is isotropic, it can be defined as
Aijkl = /161']'6;(1 + u(Sik(Sjl + 1761]5](], (415)

where A, u and v are constants. Therefore, from the symmetrical nature of

stress, we conclude that the deviatoric stress d is also symmetrical.

Thus, considering stress tensor ¢ and (4.14), (4.13) can also be defined as
a ]
Jy 5 (puddv = — fvgj(puiuj) dv + [, F;dv + [, (a;)) dV,

-'-p%+u(3—’:+v-(pu))=F+V-a. (4.16a)

As mass is conserved, the second term from (4.16b) reduces to zero so that
p=F+V 0. (4.16D)

Thus d;; = dj; and A;j; = Aji; therefore u = v. As such, using equation
(4.17):
Aju =0=31+pu+v =0,
~ 31+ 2u=0,
31 =-2u,
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ml= 2 (4.17)

3

Therefore, the definition of d becomes:

d;j =M(%+%)—ZH%5U, (4.18)

an O0x; 37 Oxg

Where the constant u is the dynamic viscosity of the fluid. Using o for (4.16)

gives:

The above expression, together with equation (4.12) as the conservation of
mass, are also known as the Navier-Stokes equations. Next we non-

dimensionalise the NS equations to identify the dominant terms and physics.

4.6.3.Non-Dimensionalisation of Navier-Stokes equation

We perform a non-dimensionalisation to assess the relative importance of
different terms in the Navier-Stokes equations. To perform non-
dimensionalisation, we rescale all the variables using five different
parameters: density p, viscosity u, characteristic time, reference length and
velocity. This will enable us to assess the magnitude of the different terms in

the Navier-Stokes equations and to define the Reynold’s number.

1. Characteristic length scale

Assuming a Cartesian coordinate system, the spatial coordinates are

normalised as follows:

— X, =Y. *xZ,
XT= Yyt =12 (4.20)
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where L is the characteristic length. The gradient operator |V| is defined

a d 0 . . . . . .
’E’ZL the non-dimensionalisation of the Laplacian operator gives:

aS|a
A a_1(a 9 a)
"~ 0x*L’dy*L’dz*L L \dx*'dy* 0z*
2 V==V, (4.21)
Therefore, the same applies for V**= [2V?;
2_ 0% 0% 9%
where V ozt 377 to2
2. Timescale
tr=——. (4.22)
tref

Where t,.; is the time it takes the fluid to travel across the characteristic

length.

3. Velocity scale
) (4.23)

Where U is the velocity defined throughout the boundary conditions.

4. Pressure Scale
(4.24)

Where M% defines pressure scale and it balances pressure changes with

viscous forces; therefore from (5) by substitution

U s U s«
~uZV'p +,uL—2uV2 (4.25)

pU au: U_Zu* VAUt =
tref Ot L
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Dividing through by - gives

:- _l]_Z:L ...... au* +|r _UZI *V* * V* * + V*Z * 4 26
: i —Iu u = - u .
:_p .ulétrerg at f 1y P ( )

The Strouhal Number (St) and Reynold’s number (Re) are the two
dimensionless coefficients. St is a function of Re, and it measures the rate of
the inertial forces as a result of the unsteadiness of the flow, due to changes
in the velocity across the characteristic length. Re defines the ratio between
inertial and viscous forces, with the viscous forces being dominant in this

experimental setup. Therefore, the above equation can be rewritten as

Re ou*
St ot*

+ Reu* - Vu* = —V'p* + V**u". (4.27)

For microfluidic flows, we expect the Re to be relatively small, as a result of
the small velocities and length scales involved. In this scenario, terms

multiplied by Re and St can be ignored, simplifying equation (4.27) to

Vip* = V2ur (4.28)

Equation (4.28) is also known as the Stokes equation, and is the governing
equation for a low Re flow. Next, we consider the model for transport in the

multiphase region. The discretisation process is now described.
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4.7. Discretisation

The computational model described is solved using finite element method
(FEM) through the CFD solver Simcenter STAR-CCM+. Spatial discretisation
(also known as meshing), is the process whereby the 3D geometry is divided
into discrete volumetric elements and cells (118). A mesh element is made of
vertices, faces and cells, where several vertices define a face. A cell is a
collection of faces defining a closed volume. There are several meshing
strategies available on Simcenter STAR-CCM+ as summarised in Table 4.1.
A mesh can be unstructured or structured. With unstructured meshing, the
mesh is built using either region-based or part-based information from the
geometry. Part-based meshing provides better repeatability compared to
region-based meshing, as it allows the geometry to be easily modified and the
changes automatically propagates to the mesh and volume of the geometry
itself. With region-based meshing on the other hand, geometry changes must

be specified for each region, volume, feature curve and boundary individually.

The meshes that are currently available in parts- and region-based meshing
are summarised in Table 4.1; surface wrapping, surface remesh, automatic
surface repair, polyhedral mesh, tetrahedral mesh, trimmed mesh, prism layer
mesh, advancing layer mesh, extruder mesh, thin mesh, generalized cylinder
mesh. Using the automesh facility provides benefits such as size
customisation, volume control and minimum input required by the user. The
two main options suitable for a 3D geometry are tetrahedral and polyhedral
meshes, and we discuss these next. Tetrahedral meshes are relatively easy
to generate automatically, very popular and are therefore used by major CFD
software tools such as CCM+. For the solution to achieve the desired degree
of accuracy, a mesh convergence study needs to be carried out; as the mesh
is refined, the solution becomes more accurate. When using a tetrahedral
mesh, mesh refinement is carried out with tetrahedral elements by reducing
the base size of the element mesh, therefore increasing the total number of

elements in the geometry, memory and computing time requirements (124).
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Polyhedral meshes consist of arbitrary polyhedral-shaped cells, they have the
same benefits as tetrahedral meshes. Although both mesh types are easy to
build, with more neighbouring cells, polyhedral meshes are more flexible due
to the number of neighbouring cells discretisation of a domain using linear
shape functions and offer more accurate final solution compared to tetrahedral
meshes (125). This is not the case when using a tetrahedral mesh. Polyhedral
cells can be automatically modified (split or joined) by introducing more points,
edges and faces which are controlled according the specified mesh element
size. More neighbouring cells require more storage and computing operation
per cell; with fewer cells compared to tetrahedral mesh, polyhedral meshes
are more efficient computationally. Polyhedral cells are considered suitable for
this research, as fewer polyhedral elements are needed to achieve a specific
accuracy compared to tetrahedral meshes (124).

To create a mesh through part-based meshing, the automated mesh operation
is activated from the geometry dialog. The desired mesh types are selected
from the continua mesh node. In this thesis a part-based mesh was generated
using polyhedral elements and a tetrahedral mesh was therefore applied to
the 3D geometry. To improve the solution accuracy, the prism layer mesh is
selected to generate orthogonal prismatic cells next to wall boundaries. The
surface remesh tool is finally used to optimize the surface of the geometry (see

Figure 4.3), followed by a mesh convergence study.

4.7.1. Initial and Boundary Conditions

Two distinct boundaries are defined in the geometry: the wall region
(representing the surface of the eye) and the pressure inlet boundary, where
the injector nozzle is applied (see Figure 4.4). The pressure boundary is set
as per vitrectomy, whereby the intraocular pressure is stabilised by creating

an additional incision on the sclera. A no-slip condition is applied at the wall of
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the eye for all phases. The fluid-film model is used to model distribution of the
cellular scaffold on the retina wall.

After creating the geometry of the eye, the initial and boundary conditions are
assigned to mimic experimental and environmental conditions (see Figure
4.1).The properties of the injector are used to define the initial conditions for
the cellular suspension droplets, which will be discussed later in Section 4.11
To mimic a realistic biological setting, the atmospheric pressure is used as
reference pressure of 101 325 Pa. the temperature is assumed constant at
37°C (293 K).The recorded initial pressure inside the eye (at the initial time t
of 0 s) is assigned to be a healthy human intraocular pressure of 12 mmHg
(126).We therefore predict the behaviour of the cellular scaffold under air
pressure conditions between 10 kPa and 100 kPa and volume flow rates
between 100 and 400 pL/s (127).
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Figure 4.3 Geometry of the eye with assigned mesh, showing refinement of the edge
element size from 0.6 mm (@) to 0.8 mm (b).

Wall Pressure
region ' inlet

Figure 4.4 3D model with defined boundaries (wall and pressure inlet).
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Table 4.1 Table of supported meshes in Simcenter STAR- CCM+

Mesh Region-based meshing Parts-based meshing

Surface wrapper X X
Surface remesh
Automatic surface repair
Polyhedral mesh
Tetrahedral mesh

Trimmed mesh

X X X X X X

Prism layer mesh
Advanced layer mesh
Extruder mesh

Thin mesh

X X X X X X X X X X

Generalized cylinder mesh

Table 4.2 List of parameters used for the computational model.

Parameters Value
e Gravity 9.81 m/s?
e Temperature 293 K (37°C)
¢ Continuous phase material properties

(air) 1.184 kg/m?
-Density 1.855x 10° Pa-s
-Viscosity

e Fibrin-derived hydrogel material properties

-Density _ _
o _ Taken from Figure 3.3 and Figure 3.4
-Dynamic viscosity

e Duration of spraying event 1ls

¢ Reference pressure 101 325 Pa

e Pressure inside the eye 1599.864 Pa (12 mmHg) (128)
e Injector position (X2y1,z2) mm = (3,7,0) mm

e Pressure at injector 10, 25, 50, 70, 100 kPa

e Volume flow rate of cellular suspension 100 — 400 pL/s

e Outer cone angle 5-100°
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4.7.2.Injector Models in STAR-CCM+

To simulate cell spraying, the injector nozzle is applied on the 3D eye model.
Simcenter STAR-CCM+ currently provides eight types of injectors and each
type is represented through individual properties that describe where and how

the droplets are ejected.

e Part injector- representing a collection of injection points, which are

positioned based on the geometry of the part selected.
e Point injector- where a single point of injection is specified

e Hollow cone injector- the parcels are injected in a cone formation about

a specified axis.

e Solid cone angle- similar to the hollow cone injector type, except only

the outer cone angle is specified.

e Surface injector- the particles are injected from the centroid of a face of

the geometry

e Pressure swirl injector- used with the Linear Instability Sheet

Atomization (LISA) where properties of the injector are defined.

e Lattice injector used with the Discrete Element Method to inject particles

using specified mesh independent spatial distribution.

e Random injector also used with the Discrete Element Method, the
particles are injected with a random point of distribution and the number

of injected patrticles is specified.

e Film stripping to simulate particles formed from the surface of a fluid

film.

To simulate the setup from Figure 2.7, we implemented the pressure swirl
injector type through the LISA model, to mimic aerosol cell-spraying, to define
the injector nozzle by applying the characterised hydrogel material properties

and applying the external pressure as a secondary inlet, to create
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aerosolization effects. Through this model we are also able to predict the
external spray behaviour by defining values for the outer cone angle. This
parameter will be used to control the surface area of the retina needing cell
treatment, specifically spraying of the cell-laden hydrogel, of which values
used are shown in Table 4.2.

The purpose of the pressure swirl atomizer is to generate small droplets,
distributed over a wide angle. Theoretically, with this type of atomizer, a swirl
motion takes place; through a centrifugal force, the liquid spreads out in the
form of a conical sheet developing either a hollow or solid air cone. However,
we are yet to determine whether such assumption is valid for our situation, but

let's assume it does. We now explain the LISA model.

4.7.3.The LISA Model

The LISA model acts as primary atomization process, whereby a liquid is
forced through an orifice at a high pressure, thus resulting in a fine spray of
liquid droplets (105). The LISA model introduces a secondary inlet, where
external air pressure is applied as a secondary inlet; we mimic this by imposing
pressure at the injector. This was computationally achieved by implementing
the LISA model and the pressure swirl injector type. The model consists of
three stages: film formation, sheet break-up and lastly atomization (see Figure
4.5). Firstly, as the air pressure is applied at the injector nozzle, a swirling
motion applies and gradually forms a film from the injected liquid with initial
thickness §,within the injector. As the liquid starts to accelerate, it creates a
sheet breakup, finally undergoing atomization. This relationship is used to
define the LISA model within the developed computational model of the human
eye, to predict the ejection of the cell-laden hydrogel from the injector into the
eye cavity. The CFD solver Simcenter-CCM+ implements the equation (4.29)
below to predict the mean thickness of the cellular scaffold sprayed at the

retinal wall. The thickness of the film is therefore calculated based on the
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parameters specified for the pressure-swirl injector with the following

mathematical expression:

my = wpus8o(do — 8,); (4.29)

where ni, is the mass flow rate through the injector (which we specify), p is
the density of the continuous phase (air inside the eye), d, is the injector
diameter and §, is the initial film thickness in the nozzle. (see Table 4.2). this
theory (which is valid for multiphase models) The axial component of the
velocity at the injector exit defined as u, is assumed to be uniform. This is the
first time the LISA model is used to predict spraying processes in the eye, and
still requires extensive validation to be taken forward. Usually, the mass flow
rate would be determined experimentally, however, in this first instance, the
mass flow rate was determined by considering realistic clinical measurements
of volume of cellular suspension to deliver, capacities of syringe to use in the

Baxter system, and time course duration of one spraying event.

During the sheet breakup stage, the effects from surrounding gas, liquid
viscosity and surface tension on the breakup of the liquid sheet are
considered, as shown in Figure 4.5. As details of our spraying system are yet
to be characterised, future experiments could be carried out later in the project
to determine whether this theory is applicable to our system. The LISA model
considers the film exiting the injector as a 2D viscous, incompressible liquid
sheet of thickness 2h, moving through a motionless gas medium. The last
atomization stage involves secondary breakup models, which depend on the
specified nature of the flow. The LISA model combines the sheet breakup and

atomization phase into one.
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Figure 4.5 A sketch of the transition of fluid to external spray, also showing the three stages
of the LISA model (105).
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When using the pressure-swirl atomizer, the relationship between the injector
and spray must be acknowledged. The LISA model operates using the

following assumptions:
e Hollow cone spray forming;

e Droplets are generated at the injector according to the Rosin-Rammler
size distribution, which describes the volume of the particles as a
function of their diameter;

e Mean diameter value predictions can be extracted during post-

processing;
e Droplets are uniformly distributed in the spray cone;
e The injector flow rate is assumed to be steady;
e The atomized particles appear at the point of injection immediately;

e The slip velocity between the liquid sheet and the surrounding air is

equal to the absolute velocity of the liquid near the injector (V; = V).

The absolute velocity magnitude of the liquid (V;), is related to the injection

pressure head Ap by

2A
Vi = |Vs| =k, /7” (129) (4.30)

where k,is the velocity coefficient and p is the density and Ap the pressure

difference. The fluid film model is now introduced.
4.7.4.Using the fluid film model

The fluid film model in Simcenter STAR-CCM+ allows us to provide a
mathematical description of the behaviour of the cellular suspension deposited

in the inner surface of the eye as a result of spraying. In this thesis we will
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specify the properties for the initial layer of film, formed at the inner surface of
eye, which is defined as wall. The injector is defined with the Lagrangian
Multiphase model and a Film-Lagrangian Phase Interaction model with

impingement.

To work with the fluid film model, firstly we define the fluid film phase by
creating desired phase models and a shell region to subsequently initialise the
film. By activating the fluid film model, the solver calculating the properties of
the fluid is also activated. The fluid film properties such as its thickness, shear
stress and surface velocity are field functions that can be post-processed.
Once activated, the fluid film phase needs to be defined by creating a fluid film
phase, selecting the models to define the problem, selecting the material
properties and customising them if need be. The fluid- film phase is defined to
have constant density, laminar flow and the same fluid properties as the liquid

sprayed into the eye.

Firstly, the multiphase interaction model is selected, followed by the Film-
Lagrangian phase interaction. Secondly, the properties of the Film-
Lagrangian phase are then to be assigned. We define the fluid film continuum
to interact with the Lagrangian phase and vice versa. The impingement model
is then selected. The fluid- film boundary condition is set as such that an
additional fluid- film and wall boundaries are automatically added. This type
of boundary allows all the droplets from the Lagrangian phase to be converted
into fluid- film. The stick physics mode is then activated to allow the sprayed
droplet to attach at the retinal wall; is to allow the droplets to stick at the surface
of the wall to simulate a gel-like behaviour. The multiphase interaction model
is used to define how the fluid and gas phases interact with each other and
contains sub-models predicting conservation of mass, momentum and energy
between the two phases. We create a phase interaction between the
Lagrangian phase and the fluid-film phases. This phase interaction allows us
to predict and define the relationship. In summary, the physics models

selected to set up the simulation are as follows
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Figure 4.6 Order of physics models selected in Simcenter STAR-CCM+.
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4.8. Results

4.8.1.Convergence study

To determine an appropriate mesh element size, a convergence analysis was
carried out on the 3D human eye model. To generate the mesh as described
in Section 4.7). The mesh was initially creating using the minimum number of
elements to analyse the model, using an edge element size of 2.0 mm. The
mesh edge element size was initially reduced by increments of 0.2 mm
between the sizes of 2.0 and 1.0 mm, and reduce further by increments of 0.1
mm between edge element size of 1.0 and 0.1 mm. Here we observe how
parameters such as thickness of the cell-laden hydrogel at the retinal wall
(referred as fluid film thickness) varies through mesh refinement. We present
the data when the cellular scaffold is sprayed at a volume flow rate of 200 uL/s
and an external pressure of 25 kPa applied at the injector; with a specified
outer cone angle of 50°. Convergence with respect to Figure 4.7 was achieved

at the edge element size of 0.4 mm.
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Figure 4.7 Distribution of thickness of the sprayed cell-laden hydrogel at the retinal wall (referred to as fluid film thickness) using various edge element size,
varied between 2.0 to 0.3 mm. The film thickness was obtained upon spraying the cellular suspension onto the inner retina at a spraying duration of 1s at a
pressure of 25 kPa and outer cone angle of 50°. The illustrations show an increase of the total thickness of the cell-laden hydrogel at the retinal wall with

reduced edge element size.
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4.8.2.Simulation predictions

The CFD solver Simcenter STAR-CCM+ is used to define the material
properties for the cell-laden hydrogel sprayed onto the retina.

The spray system is intended for spraying cells that can be attach to the retina,
such as Mdller glial cells. Muller glia are structurally supportive cells, have a
very high metabolic function and are very resilient to stress. Neurons are very
sensitive to physical and metabolic damage and the spray is not intended for

use with neurons.

Droplets’ speed is predicted when applying different pressure conditions at
the injector nozzle with a constant volume flow rate, also applied at the nozzle.
We also inspect the droplets’ speed when varying the volume flow rate of the
cellular scaffold, with a constant pressure at the injector. We derive
relationships between volume flow rate and air pressure supplied. Different
volume flow rates are observed at different pressure conditions (Table 4.2) to
evaluate output parameters, namely thickness of the cellular scaffold at the
retina wall, droplets spatial distribution and retinal surface area are assessed.
The external pressure was kept constant, whilst volume flow rates were varied
from 100 to 400 uL/s. this procedure was repeated for pressures of 10, 25, 50,
75 and 100 kPa. The surface area of the inner retinal wall is controlled by the
outer cone angle which is defined with the nozzle properties. The outer cone

angle was therefore varied from 5° to 100°.

The region of interest at the retina wall to evaluate droplet speed and wall
shear stress at the retina wall, is inspected by creating a threshold region with
specified film thickness values, then highlighting the region of interest.
Although both shear and normal stresses should communicate influence on
cell population; this thesis focuses on shear stress to demonstrate the model’'s

behaviour. The threshold region is then specified as part when creating the
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histogram. This data is also used to determine the average film thickness at

the retina wall at various conditions.

We then plot a histogram showing thickness distribution of the cellular scaffold
over the inner retinal wall as shown in Figure 4.12, showing the number of
elements (Frequency, x-axis) within the specified region of interest at the retina
wall, against the predicted thickness band for the cell-laden hydrogel at the
retinal wall (Fluid Film Thickness/mm, y-axis). The elements represented in
the histogram, reflect the elements within the region covered by droplets
spatial distribution from the retinal wall. This predicts maximum and minimum

values for thickness of cell-laden hydrogel at the retina wall.

4.8.3.Droplets’ speed and wall shear stress on the retinal

surface

The speed of sprayed cell-laden hydrogel droplets can be tracked in space
(see Figure 4.8). The model adopts Han et al’s theory (129) also defined in
Chapter 3. The droplet speed varies with increasing pressure at the injector
(see Figure 4.7); with a percentage difference varying between 14.9 and 35%
in the tracked droplet speed at pressure conditions of 10, 25, 50, 70 and 100
kPa. For example, the maximum droplet speeds at a pressure of 25 kPa and
50 kPa, have a 25% difference (4790 mms* and 6890 mms™ respectively),
whereas the droplets speed at 50 and 70 kPa have a percentage difference of
14.9% (6890 mms*and 8910 mms-* respectively). As such, there appears to
be a positive correlation between the air pressure and the magnitude of the

droplets speed.

During a spraying event we can extract wall shear stress magnitude at the
retinal wall upon impact between hydrogel droplets and the retinal surface, by
creating a threshold region (see Figure 4.8(a)). Cells may be damaged as a
result of shear with increasing external air pressure at the injector; not only as

a result to the impact, but also as a result of shear cells are subject to during
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a spraying event. As cells perception of mechanical forces is still poorly
understood (130), there remains a challenge to quantify these forces
experimentally; one option to advance this research could be introduce cell
viability after aerosolization under same pressure conditions and volume flow
rates used in the computational model. However, as we can only predict shear
stress magnitude at the retinal wall after the impact at the retina, there remains
the limitation of predicting the shear stress magnitude during a spraying event.
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Figure 4.8 Mean and variability in droplet speed on the retinal surface for varying injector
pressure (volume flow rate and outer cone angle held fixed at 400 uL/s, 50° respectively; error
bars +/- 2 standard deviations from the mean).
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Figure 4.9 (a)The retinal surface is sprayed with volume flow rate of 250 uLs™ at a pressure
of 25 kPa The region of the retinal wall covered with the hydrogel, referred as threshold, is
used to calculate the average wall shear stress (WSS) magnitude at the retinal wall. (b) The
cellular scaffold is sprayed at a volume flow rate of 400 uL/s at a pressure of 100 kPa at the
injector. We present WSS magnitude values covering different surface area at the retinal wall,
expressed through outer cone angles 5° to 100° (n=3 repeats, R?>=0.80, p < 3.13x 10°).
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4.9. Spatial distribution of cellular thickness distribution

at the retinal wall

The coloured mapping of the model shows a logarithmic scale for the thickness
of the sprayed cell layer. These figures capturing the logarithmic scale suggest
the volume of the cellular scaffold is sprayed and appearing layered, thus
showing homogeneous distribution. Figure 4.10 shows the cellular suspension
sprayed on the retina. The film thickness of the cellular suspension is
represented using a logarithmic scale and it shows the homogeneity of the
sprayed cellular scaffold. A similar result is also described in the literature as
a result of a similar experimental protocol (67,79).

According to Figure 4.9, the thicknesses of the cell-laden hydrogel sprayed on
the retinal surface is examined at varying flow rates (from 150 to 275 pLs-1)
with the inlet pressure fixed at 10 kPa, and cone angle fixed at 50°. The
thickness of the layer is broadly uniform, and film thickness increases with
increased volume flow rates, as expected (see Figure 4.10). The thickness of
the cellular scaffold at the inner retinal wall is also observed at varying flow
rates and fixed pressure inlet. The pressure is kept fixed at 10 kPa, whilst the
volume flow rate is varied from 150 to 275 uLs™. It is predicted for the increase
in film thickness at the retina to be directly proportional to the increased volume

flow rate.

Secondly, we plot a histogram showing thickness distribution of the cellular
scaffold over the retinal wall as shown in Figure 4.12, showing the number of
elements (Frequency) within the specified region of interest at the retina wall,
against the calculated thickness band (Fluid Film Thickness/mm). The
elements represented in the histogram, reflect the elements within the region
covered by droplets spatial distribution from the retinal wall. This performed by
identified maximum and minimum values for the parameter in question (in the
case the maximum film thickness) we create a threshold region with the

sprayed retinal surface.
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The maximum film thickness for each spraying event are shown in Figure 4.11,
as a function of volume flow rate and injector pressure. As such, it can be
concluded that the mean thickness at the retina wall is significantly affected by the
pressure supplied at the injector. Increasing the external air pressure at the
injector nozzle appears to have a positive impact by increasing the overall fluid
film thickness and releasing finer droplets (129). Nevertheless, we could
argue there are other factors influencing mean film thickness, such as
aerodynamic forces and force applied at the plunger when releasing the
mixture, which currently can only be controlled manually. Introducing an
automated device that would control the forces applied at the plunger (by
manipulating input parameters), will help specify desired outputs from the
computational model. It is therefore possible to derive relationships for
spraying parameters (see Figure 4.10). These parameters could be used to
predict operating relationships that enable a desired thickness on the retina to
be achieved. For example, the exponential relationship between maximum film

thickness (y) and volume flow rate (x) at 10 kPa in the form of y = Ae?® as:

y = 0.30e0004x, (4.3)

If we desire a thickness of 1.5 mm using an injector pressure of at 10 kPa,
inverting this equation indicates the cellular suspension should be sprayed at
400 pLs™?. Exponential relationships at different pressure conditions are
presented on Figure 4.11, and the relationship between their coefficients A
and B is also defined. We use an equation to define the latter as shown in
Figure 4.12 (y = 0.014 -0.035x). This helps not only to correlation coefficients
relationship, but to possibly introduce an alternative method for predicting
outputs such as desired film thickness at the retinal wall, for future spraying
condition which were not observed in this thesis, but could be investigated as

future work.

There remains existing limitation associated with named identified factors
influencing film thickness. For example, it is currently challenging to quantify
aerodynamic forces and forces applied at the plunger. However, with the

introduction of mathematical modelling providing an insight for future design

145



of spray systems, it is hoped that future research will support deriving these

predictions.

It is vital highlighting that increasing the pressure at the nozzle, may introduce
damage to the underlying retinal tissues and cells. A standardised
computational model where the chosen external pressure and applied volume
flow rate promote cell viability and cell proliferation, could be introduced in the
future. It is hoped these values will be dependent on the geometry of the
damaged organ, its location and the surface area of the damaged tissue
needing treatment. Using the data obtained from the various fluid film
thickness plots, we will now proceed to calculate the average thickness of the
cellular suspension over the surface area of the inner retina within the sprayed

region.
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Figure 4.10 Logarithmic scale of fluid film thickness distribution on the retina, with varying
volume flow rate between 150 to 275 uLs-1, at a constant pressure condition of 10kPa at the

injector and an outer cone angle of 50°.
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Figure 4.11 The maximum film thickness at the retina surface (y-axis) has an exponential
relationship with the volume flow rate (x-axis), for each given pressure value and at an outer
cone angle of 50°. Data points show the mean, and error bars +/-1 standard deviation from
the mean when averaging across the spatial domain. Lines show fitted exponential
relationship based on defined relationships in Table 4.4 with R? values for each regression
line (ranging between 0.91 and .98) summarised in Table 4.3.

Table 4.4 Exponential relationships linking maximum film thickness (mm, y) with volume flow
rate (uL/s, x), at different inlet pressures, as summarised in Figure 4.11. R? values quantify the
variation of maximum film thickness at the retina wall, accounted by the variation in volume

flow rate.

Pressure/ kPa Equation R? Coefficient Coefficient
A B
10 y = 0.30e0%00% 0.98 0.30 0.0040
25 y = 0.26g0%-0054 0.93 0.26 0.0054
50 y = 0.26g0%-0054 0.95 0.26 0.0054
70 y = 0.25g0-0058x 0.94 0.25 0.0058
85 y = 0.24g0-0061x 0.92 0.24 0.0061
100 y = 0.23g0-0064 0.91 0.23 0.0064
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Figure 4.13 A histogram of film thicknesses by CFD elements. Here we present film thickness
distribution at the retina | wall, with outer cone spraying angle of 50 ¢, volume flow rate of 200
uL/s and external pressure of 25 kPa applied at the injector.
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4.10. Covered surface area of the retina

The surface area covered by the spray system is dependent on the cone angle
used to spray the cells (see Figure 4.11). We can derive an exponential
relationship between the covered surface area of the inner retina and the

defined outer cone angle (R* =0.99). The outer cone angle used to spray the
cell suspension can also be used to specify the desired surface area of the
retina, needing spraying. The error bars are determined for the calculated
surface area values at the retina wall. The surface areas calculated with an
outer cone angle of about 80° or more, captures more data points compared
to other outer cone angles less than 80° (hence offering a greater platform for
cell proliferation). Here we assume the outer cone angel of the sprayed
hydrogel is mixed with the cells. However, we are yet to validate this
experimentally. Nevertheless, it was also possible to define the relationship
between the covered surface area and outer cone angle, which could be used
on the retina to predict the required cell population for each treatment, whilst

acknowledging dimension of retina stem cells.
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Figure 4.14 The 3D eye model with a diameter of 25 mm; and a demonstration of how the
droplets’ spatial and temporal distribution are tracked in time, at an outer cone angle of 30°,
with the z-axis representing the direction of the trajectory of the sprayed droplets.
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Figure 4.15 Relationship between surface area covered and outer cone angle, varying
between 5° to 100°, using volume flow rate of 250 ulL/s at 25 kPa and 400 uL/s at 100 kPa.
Data points indicate average values for 3 repeats and and error bars +/- 1 standard deviation
of the mean.
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4.11. Droplets dimension

According to the results, at a higher pressure of 100 kPa, it is predicted there
will be a finer droplets distribution, with droplets mean diameter of 170 um,
compared to the peak mean diameter of 180 um at 70 kPa and 325 pm at a
pressure condition of 25 kPa. The droplet size distribution is characterised not
only be external pressure applied at the nozzle, which determine the
hydrogel’s velocity in terms of both magnitude and direction. We predict
droplet dimension at the retina wall. Simcenter STAR-CCM+ uses the Rosin-
Rammler distribution to define droplet dimensions through the Linear
Instability Sheet Atomization (LISA) model. Results show the Rosin-Rammler
model assumes droplet size distribution are uniformly distributed as a cone-
like spray pattern. The range of droplets dimension is statistically displayed in
Figure 4.16, Figure 4.17 and Figure 4.18 using a cumulative distribution
function, where the frequency represents the volume flow rate, droplet volume
or number of droplets using the Rosin-Rammler distribution function (65). This

function is defined as

F(D)=1—exp [—( D )q]; (4.4)

Dref

Where F(D)is the cumulative distribution function, Dref is the mean diameter
for the simulation results (also referred to as peak diameter or the Rosin-
Rammler), D is the droplet diameter value and q is the Rosin-Rammler
exponent. this theory describes the volume distribution of hydrogel droplets as
a function of their diameter. The cumulative distribution function represents the
mass fraction of droplets with a dimeter value between zero and one,
assuming we have an infinite number of droplets. The droplet size distribution
described in terms of constant g that provides a measure of the spread of
droplet size. Its value generally lies between 1.5 and 4 the higher the q value,
the more uniform the spray. Here we use a value of 1.5. The Rosin-Rammler
distribution function It allow data to be extrapolated into a range of fine

droplets, where measurements are mostly difficult to derive experimentally.
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The cumulative distribution function also gives a number of droplets with given

diameter D, and we now show examples of how to use this equation.

Let us take into consideration from Figure 4.16 where we apply a volume flow
rate of 200 pL/s and a pressure of 25 kPa at the injector nozzle; we want to
guantify the percentage of droplets with a diameter of 150 um. we therefore

rewrite the equation as follows:

F(D) =1 — exp [— (@)1'5]: 0.260.

325

Therefore 30% of the cell-laden hydrogel droplets at the retinal wall have a
diameter of 150um.

We try another example, by considering Figure 4.17, where we maintain a
constant volume flow rate of 200 pL/s and an external pressure of 70 kPa. For
a diameter of 250 um, we calculate as follows:

250

1.5
) ]= 0.805.
180

F(D) = 1—exp[—(

Therefore, approximately 80% of the cell-laden hydrogel droplets at the retinal

wall have a diameter of 250 um.

As a result, the Rosin-Rammler function not only is used for mathematical
simplicity, ease of manipulation in computations, but the above data and could
be used for future research do develop further numerical equations, which
predict droplets size distribution at the retinal wall for varying pressure
conditions and if implementing a higher measure of droplet size spread q,
which could ultimately evaluate numerical value for obtaining finer droplets at

the retinal wall.
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Figure 4.16. The cellular scaffold is delivered at 200uL/s, with a pressure of 25 kPa at the
injector. Droplet size distribution at the retina wall using the Rosin-Rammler cumulative
distribution function, with a diameter peak value of about 325 um and an outer cone angle of

50°
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Figure 4.17 The cellular scaffold is delivered at 200uL/s, with a pressure of 70 kPa at the
injector. Droplet size distribution at the retina wall using the Rosin-Rammler cumulative
distribution function, with a diameter peak value of about 180 um and an outer cone angle of

50°
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Figure 4.18 The cellular scaffold is delivered at 200uL/s, with a pressure of 100 kPa at the
injector, with reduced parcel number. Droplet size distribution at the retina wall using the
Rosin-Rammler cumulative distribution function, with a diameter peak value of about 170 um

and an outer cone angle of 50 .
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4.12. Discussion

In this Chapter, computational modelling is used to predict spatial distribution
of cell-laden hydrogel droplets, controlling surface area of the inner retina
during a spraying event and droplet dimension. The fibrin-derived hydrogel is
used as vehicle to aid cell delivery onto the inner retina, to ultimately explore
the impact of varying spraying parameters (pressure and volume flow rate at
the injector nozzle, outer cone angle for the spray) on key outputs of high
priority, namely the spatial distribution of the delivered hydrogel on the retinal
wall, the surface area of the retina covered, and droplet speed.

To derive a sensible compromise between accuracy and computational time,
a convergence study was initially carried out by establishing a suitable edge
element size to discretize the geometry of the human eye. The mesh
refinement was also used to evaluate predictions for cumulative thickness of
cumulated cellular suspension at the inner retina. The range of pressures used
were based on the Baxter spray system and a recent study in the literature
(67,70). The predictions showed that different volume flow rate, require
different external pressure to achieve the desired thickness of the cellular
suspension. Such relationship could be used to instruct operating parameters
for cell-based therapies for retinal degenerative diseases, specifically
glaucoma. As such, parameters could be closely tuned to control cell delivery

during a clinical application.

This could hopefully be assisted by introducing patient-specific parameter
relationships. For example, depending on patient-specific eye geometry and
stage of retinal degeneration, we could tune the external air pressure and
volume flow rate for the cellular scaffold to reach a desired thickness at the
retina using the suggested parameter relationships developed in this research.

Nevertheless, there is the need for validating these predictions experimentally.
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Theoretically, high pressures are known to support a homogeneous
distribution (67); however, the applied volume flow rate also plays a vital role
on the overall thickness of the sprayed cellular scaffold at the retinal wall and
cell viability. Nevertheless, by acknowledging the delicate nature of the human
retina, and lens to vitreous ratio in the human eye as seen in Figure 2.8, organ-
specific pressures need to be derived to support cell viability. Thus far,
published literature outlines pressure conditions suitable for rodents’ eye, of
which eye to lens ratio promoted the use of high pressures such as 100 kPa
or higher (70). This unfortunately cannot be used in humans due to anatomical
differences compared to rodents. It is therefore hoped that relationships
established in this research using mathematical modelling, will help predict
suitable pressure and volume conditions for the human retina and possibly

used for future research.

Mathematical modelling supports the understanding of physical phenomena
within a system by suggesting theories to make predictions. The application of
stem cells using the existing spray systems in the market, remains a challenge
for most of the anatomical structures, specifically the human eye.
Mathematical modelling therefore aims to help save time and cost before
conducting animal testing. As a result, introducing mathematical modelling as
an imperative protocol for cell-based therapies, could reduce the number of
animal test that would need to be carried out. Mathematical modelling would
help guide and ultimately lead to a standardised procedure in defining organ-
specific spraying parameters for cell-based therapies, which will be specific to

each organ to be transplanted with stem cells.

With known pressures and volume flow rates, the surface area is determined
by the outer cone angle for aerosolization. For example, with a cone angle of
50°, the surface area covered is of about 211 mm?. Figure 4.15 shows an
exponential relationship between the spraying outer cone angle and the
surface area covered. Using this data and knowing the dimension of the eye

in need of stem cell delivery, a clinician could be able to predict the cone angle
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required to cover the region of interest. As such, adopting this method for
parameter prediction will serve useful in replicating such method for other
degenerating organs and tissues around the body; by estimate the surface

area needing spraying (using numerical values such as organ dimension).

To facilitate the design of organ-specific spray systems, computational
modelling was introduced to create a virtual replica of prospective future
surgical technique for cell-based therapies, simulating aerosol spraying into
the inner retina of the human eye. Aerosol technology was adopted with the
hope to support retinal stem cells delivery into the human eye, as a potential
therapy to treat glaucoma. Through mathematical modelling we could develop
a computational design of tissues and organs undergoing transplantation and
obtain results comparable to in-vivo experiments at a reduced time, cost and
reduced health and safety risks compared to in-vivo experimental studies (80).
In this thesis, realistic measurements were taken into consideration such as
human eye dimensions (with a diameter of 25 mm), proposed volume flow rate
of cellular scaffold (ranging between 100 and 400 pL/s), and external pressure
to be applied at the injector nozzle (which was varied between 10 and 100
kPa).

The cellular scaffold was sprayed onto the retinal wall in a fast and controlled
manner. Such technique is known to accelerate the healing process of
damaged tissues, as spraying of cells directly to the affected area is one
delivery mechanism that has shown to promote cell viability and proliferation
(66,67). On this basis and acknowledging the link between the observed cell
spraying output (such as surface area covered, droplets spatial distribution film
thickness and droplets velocity magnitude) and input (air pressure at nozzle,
volume flow rate of cellular suspension and nozzle dimension), computational
modelling appears to be a significant tool to inform these relationships by

promoting organ-specific application for cell delivery.
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The simulations indicate that the surface area covered can be controlled by
predicting the outer cone angle for spraying the cellular suspension (R? =
0.99). With the aim of covering a larger inner surface area of the retina, based
on the data predicted, a suitable cone angle should not be lower than 80° (see
Figure 4.15). This will ensure the large area of the inner retina and the macula
are covered, during the proposed cell-based treatment. The spatial distribution
of the cellular scaffold is also dependent on mathematical spray models
adopted. Perhaps, it could be ideal observing other injector models available
on Simcenter CCM+ requiring other parameters such as droplet dimensions
and droplet velocity, hitherto compare the obtained output. In addition, we are
also able to inspect droplet size distribution at different pressure conditions;
the higher the external pressure at the injector nozzle, the finer the droplets,
which in compliance with previous literature findings (67). We quantify
percentage of droplets with a specific diameter size at the retinal wall. Such
relationship could be employed in future studies to define further parameters

to instruct finer droplets at the retinal wall.

Applying lower pressures compared to the range used in this thesis (pressures
less than 10 kPa), might also be an advantage to reduce cell death, which was
encountered in the literature (67). Despite the success of designing potential
injectable hydrogels in Chapter 3, there are existing challenges that might
stand as barrier for cell viability post aerosolization. Firstly, although
mechanical stresses can influence cell physiology, cellular response remains
challenging to quantify and knowledge of the mechanical influence of sprays
on different cell types remains scarce (131). During aerosolization, cells can
also be damaged by air bubbles; the extent of cell damage depends on the
cell type, level of shear stress and exposure to shear (131). Nevertheless, it is
worth emphasising that applying external pressures is prescribed as input from
existing spraying systems for larger organs, such as the skin. We are yet to
determine whether applying higher pressure values at the injector would be
beneficial for human ophthalmic spraying applications, and whether the

absence of the pressure at the injector would help us achieve desired results.
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Some studies have explored cell viability and proliferative capacity after
aerosolization, but have demonstrated high variability in cell viability (between
37% and 94% (67)). This variability is hypothesized to be due to the range of
different hydrostatic, elongation and shear stress that cells are exposed to, as
well as uncontrolled factors such as changes in cells’ cycle and ions leakage

following lysis.

Cell delivery onto the retina is hoped to be achieved by injecting hydrogel with
cells. If the cellular scaffold is known to ease the application of cell onto the
retina, it acts as a supportive vehicle where cells are seeded in-vitro and
combined with growth factors that will help in-vivo differentiation and promote
tissue repair (68). We desire for cells to be released at rates whereby the
rheological properties of the hydrogel are supporting and promoting the cell
proliferations process, before undergoing degradation. However, these rates
are yet to be quantified and have been a challenge in previous research
(131).Findings form these Chapter, highlight potentials for mathematical

modelling to predict these rates, hence opening doors for future research.

However, this introduces an outstanding question on how the surface area to
be covered can be controlled experimentally. Perhaps, variable
interchangeable injector nozzles may be introduced to spray the region of
interest. With the view of informing cell delivery parameters and ease of
parameter manipulation, computational modelling also appears to be an
alternative method to minimise costly ad time consuming experimentation.
With the intention of outlining additional actions to enhance the current
findings, experimental assessment of derived spraying parameters is now

discussed.
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5.Experimental
Assessment of
Spraying Parameters




In this Chapter, an experimental assessment is carried out to evaluate the
influence of the spraying parameters identified in Chapter 4 on spraying
outputs. Specifically, the link between volume flow rate and nozzle pressure,
and the surface area of the retina covered is explored. In addition, cell viability
Is assessed in order to hypothesise the link between nozzle flow rate, induced
shearing stresses on the cells, and the cell response to these stresses. First
of all, the experimental methods are presented, followed by the results and

conclusions.

5.1. Cell culture

Miller stem cell lines MIO-M1 from the UCL Institute of Ophthalmology were
used in this research (6). Cells were passaged by creating monolayers of
cultured cells and dissociated using 3ml of TrypelE ™ 1X (Life technologies),
and incubated for 5 minutes at 37°C, with 5% CO.. Cells were cultured in a
flask containing Dulbecco’s Modified Eagle Medium (DMEM) x 1 with
GlutaMAX with 10% Foetal Calf Bovine Serum (FCS) (Invitrogen, UK) and
Penicillin/ Streptomycin (10000 units per 5ml in the T-25 flask). Cell

suspensions were centrifuged at 1400 rpm for 5 minutes at 15°C.

5.2. Cell Spraying

The procedure carried out in Section 5.1 was used to culture to prepare the
cells for aerosolization. Miller stem cell lines MIO-M1 were once again
passaged by creating monolayers of cultured cells and dissociated using 3ml
of TrypelE™ 1X (Life technologies), and incubated for 5 minutes at 37°C, with
5% COs.. Cells were cultured in a flask containing Dulbecco’s Modified Eagle
Medium (DMEM) x 1 with GlutaMAX with 10% Foetal Calf Bovine Serum
(FCS) (Invitrogen, UK) and Penicillin/ Streptomycin (10000 units per 5ml in the
T-25 flask). Cell suspensions were centrifuged at 1400 rpm for 5 minutes at

15°C. After centrifuging the cells, the excess media is removed, and the cells
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are suspended into a volume of 1.32 mL of thrombin and PBS. ad loaded into
the Baxter Healthcare System syringes for spraying. The thrombin and PBS
combined with the MIO-M1 cells are loaded separately from the fibrinogen,
which was also diluted into PBS (150 pL of thrombin mixed with 1.17 mL of
PBS, hence giving a total volume of 1.32 ml). The Baxter spray system was
then connected to the external pressure regulator, where the desired pressure
was applied (50, 70 and 100 kPa) and the cell laden hydrogel was sprayed

onto a 6-well plate at a distance of 2 cm from nozzle to the sprayed surface.

Once sprayed, the cell-laden hydrogel was stained with trypan blue, to inspect
cell viability of MIO-M1 cells post-aerosolization. Experiments were conducted
to assess surface areas post-aerosolization by spraying the fibrin-derived
hydrogel, oil and water at pressure of 50, 70 and 100 kPa respectively. Each
fluid was stained with trypan blue and sprayed onto filtered paper in a petri
dish. The sprayed filtered sheets were scanned and processed for imagining
on ImageJ Software, to calculate the areas covered. We also use this
technique to assess the covered area of the retinal surface predicted with the
computational model, by inspecting surface area coverage on a petri-dish with
filtered paper. Although the outer cone angle for each spraying event could not
be measured experimentally, we employ this comparison (together with data

from Chapter 4) to predict outer cone angle values following cell spraying.

As mentioned, we assess spraying on a flat surface, by applying the following
pressure conditions at the nozzle; 50, 70 and 100 kPa using the Baxter
Healthcare spraying System. Spraying distance and volume flow rate are kept
fixed at 2 cm and 400 uL/s respectively, in correlation with the computational
model. The surrounding temperature is also maintained at 37°C. We test
spraying with water, emulsion oil, fibrin derived hydrogel without the cells and
with the cells also, to explore the influence of material rheology on spraying
surface area sprayed, which is used as spraying output. The same protocol is
then reapplied to spray the cultured cells with the fibrin-derived hydrogel on a

6-well plate.
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5.3. Results

5.3.1.Surface area covered

Figure 5.1 compares the average surface area covered for different nozzle
pressure conditions and fluids, for fixed volume flow rate of 400uL/s. Firstly, it
is clear the fluid rheological properties are a high contributing factor to the
surface area covered. For example, the viscosity of the fibrin-derived hydrogel
(varying between 3Pa. s and 9 Pa. s) is greater than that of water (8.9 x 10
Pa.s), due to combination with the matrix. There is therefore a significant
difference in the surface areas covered at the same nozzle pressures. By
comparison, emulsion oil, fibrin-derived hydrogel and its cellular counterpart

have a similar viscosity and display similar surface area trends.

Secondly, let’s explore results for surface area (SA) covered when spraying
the fibrin-derived hydrogel and the cell-laden hydrogel (see Figure 5.1) . Figure
5.1(B) compares more closely SA covered using the produced hydrogel, with
and without the MIMOL1 cell line. For example, the SA covered when spraying
the hydrogel only at 100 KPa (1771.21 mm?) is approximately 3 times greater
than the SA covered at 70 KPa and 50 kPa (553.72 mm? and 549.77 mm?
respectively). Similarly, comparing SA covered with cells and hydrogel mixed,
results show a coverage of 1806.63 mm?and 657.55 mm? at 100 kPa and 70

kPa respectively.

This works as an advantage for results previously obtained in Chapter 4 for
the mathematical modelling, where mathematical predictions and rheological
properties in the model are implemented with the assumption that cells and
hydrogels are mixed. We can also observe that higher pressure at the injector
resulted in greater surface area coverage at the surface. However, this was
not the case with the mathematical predictions (see Chapter 4); with the

mathematical model, the outer cone angle was defined and used to define the
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surface area for spraying. Such relationship cannot be imposed experimentally
and to the best of our knowledge techniques to impose such instructions are
still undergoing development and require further research. This highlights the
need for further advances in technology and robotics to introduce an
automated system to instruct a desired surface area to be covered. This will
ultimately help clinicians manipulate spraying inputs by specifying desired
output parameters; hence controlling retinal surface area needing treatments.
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Figure 5.1 (A) Column graph showing surface area covered (mm?, y-axis), which was
assessed experimentally post-aerosolization(error bars +/- 1 standard deviations from the
mean). Spraying was conducted at three pressure conditions (50, 70 and 100 kPa) using the
Baxter Healthcare spraying system. Each fluid is sprayed at a volume flow rate of 400 pL/s for
on a petri dish covered with filtered sheet. The covered surface is calculated using ImageJ
software. The data indicates average values for the surface area covered and the error bars
representing standard deviation averaged over 3 repeats, and later summarised to closely
look at the surface area sensitivity of surface area covered at different pressure conditions
with the cell-laden hydrogel (B).
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5.3.2. Cell viability

Here we present cell viability post-aerosolization using the cell-laden hydrogel
and spraying parameters as described in the Methods section. Cells are
sprayed at a fixed volume flow rate of 400 uL/s. Live/ dead staining using
trypan blue was conducted (see Figure 5.2) using a Leica TCS-SP2 confocal
microscope using a 20x oil immersion objective lens. Image were processed
through the Leica AF Lite Confocal Software, prior to further analyses through
ImageJ. Each experiment is repeated three times; examples of dead cells are
identified with red arrows and live cells, with green arrows (see Figure 5.2,
Figure 5.3 and Figure 5.4). The cell-laden hydrogel was sprayed onto a 6-well
plate. At a pressure condition of 100 kPa, cells showed 93 % viability (see
Figure 5.2 and Figure 5.5). At 70 kPa there was a viability of 91%, whereas at
50 kPa cell viability reduced to 83%. Collectively, these data show a high rate
of cell survival within this pressure range. The results indicate that, within the
range tested, the higher pressures gave rise to higher cell viability. There are
numerous mechanisms which could give rise to this trend, for example the
cells may respond positively to shear stimulation, or the increased pressures

may increase the probability of attachment to the surface upon spraying.

With a positive correlation of air pressure and droplets speed predicted in
Chapter 4, we could suggest this positive correlation has a positive impact on
cell viability in-vitro. Although we are unable to measure film thickness of
sprayed cell-laden hydrogel experimentally, our mathematical prediction
suggests cells had enough surface area on the plate, which promoted their
survival post-aerosolization. We previously hypothesised reduced viability as
a result of increased external pressure at the injector nozzle, however, these
experimental data state the contrary. In addition, having finer droplet as a
result of higher-pressure conditions as shown in Chapter 4, may therefore be
an advantage for rapid cell delivery onto the region interest. There is indeed

high cell viability at higher pressure values, however their survival after several
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weeks cannot be quantified in this study, but open doors for future studies to
observer their survival and possibly proliferation.
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Figure 5.2 Viability of Muller stem cells sprayed with the Baxter Healthcare Easyspray system
at pressure of 100 kPa using trypan blue staining using a Leica TCS-SP2 confocal microscope
at 20x magnification. Images were processed through Leica AF Lite Confocal Software and
ImageJ for further analyses. After being cultured, cells are mixed with the fibrin-derived
hydrogel (with a thrombin concentration of 0.08U/mL) and sprayed at a volume flow rate of
400 pL/s on a 6-well plate and applying an external pressure of 100 kPa and the second inlet
of the spraying device. The sprayed cell laden-hydrogel is then coated with 50 pL trypan blue,
diluted into 200 pL of PBS. The red arrows indicate the dead cells and the green arrows the
live cells (scale of 50 pm). The experiment was repeated three times.
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Figure 5.3 Viability of Muller stem cells sprayed with the Baxter Healthcare Easyspray system
at pressure of 70 kPa using trypan blue staining using a Leica TCS-SP2 confocal microscope
at 20x magnification. Images were processed through Leica AF Lite Confocal Software and
ImageJ for further analyses. After being cultured, cells are collected using fibrin-derived
hydrogel (with a thrombin concentration of 0.08U/mL) and sprayed at a volume flow rate of
400 pL/s on a 6-well plate and applying an external pressure of 70 kPa and the second inlet
of the spraying device. The sprayed cell laden-hydrogel is then coated with 50 pL trypan blue,
diluted into 200 pL of PBS. The red arrows indicate the dead ells and the green arrows the
live cells. Images were taken at 20x magnification. The experiment was repeated three times.
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Figure 5.4 Viability of Muller stem cells sprayed with the Baxter Healthcare Easyspray system
at pressure of 50 kPa using trypan blue staining using a Leica TCS-SP2 confocal microscope
at 20x magnification. Images were processed through Leica AF Lite Confocal Software and
ImageJ for further analyses. After being cultured, cells are collected using fibrin-derived
hydrogel (with a thrombin concentration of 0.08U/mL) and sprayed at a volume flow rate of
400 pL/s on a 6-well plate and applying an external pressure of 50 kPa and the second inlet
of the spraying device. The sprayed cell laden-hydrogel is then coated with 50 pL trypan blue,
diluted into 200 pL of PBS. The red arrows indicate the dead ells and the green arrows the
live cells. Images were taken at 20x magnification. The experiment was repeated three times.
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Figure 5.5 The mean cell viability of the sprayed Miiller stem cell lines MIO-M1 (5 million cells)
with the pressure at the injector (x-axis) sprayed at a volume flow rate of 400 uL/s on a 6-well
plate with the fibrin-derived hydrogel, with constant fibrinogen concentration (0.5 mg/mL). Data
points show the mean cell viability, with error bars representing the standard deviation based
on n=3 repeats (p<0.38).
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5.4. Discussion

This Chapter aimed to experimentally assess the influence of spraying
parameters on outcomes of the spraying process. Data showed that cell
viability post-aerosolization was achieved at good levels at all pressures tested
of 50, 70 and 100 kPa. Despite the success achieved in cell viability, these
figures are unable to predict cell survival after spraying, which will be required
to confirm impact of the cell-based therapies in the distant future and confirm
cell proliferation. As the external pressure at the injector nozzle decreased,
cell viability also decreased; to the best of our knowledge it is currently
challenging to identifying relationship between reduced pressure condition and
cell death. Literature suggest aerodynamic forces as contributing factor;
however, it could also be highlighted that linking reduced pressure at the
injector, signifies reduced droplet speed for the cell-laden hydrogel droplets,
increasing the chances for cell death. Yet, the cell viability achieved at the
lowest pressure investigate (50kPa) could still be satisfactory to achieve cell

proliferation and hopefully restoring functions for the diseased retinal tissue.

The shear stresses acting on cells are as result to pressure difference within
the spraying system and jet formation may be causes of potential cell damage;
together with other unknown factors. For example, if we assume a laminar flow
of the cellular suspension flowing from the syringe through to the nozzle, the
tension within the cells may resist the elongation stresses due to the aerosol
spraying. It is difficult to determine a range of stress magnitude that may cause
cell rapture, as lower stress exerted following changes in cell cycle and
leakages of certain ions may also cause further damage to cells. Cell viability
after aerosol spraying should therefore be considered together with cell
proliferative capacities. Stem cells can be exposed to shear forces, which
should be tightly controlled to promote cell survival post aerosolization (132).
For example, shear forces can be controlled when using bioreactor systems

and strictly control environmental conditions during bioprocesses.
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If the hydrogel degrades too quickly, some of its properties could be lost; if it
degrades too slowly, the degradation process could interfere with the cell
proliferation.

Cells perception of mechanical forces is still poorly understood (130).
Hemodynamic forces play an important role in regulating cell structure and
function in the surrounding environment. The effect of fluid shear stress, can
induce stem cell differentiation; various cell types possess the property of
altering their shape and function as a response to mechanical forces acting on
them (shear stress and stretching tension) (133). When subject to fluid shear
stress, cells become elongated, with the axes aligned in the flow direction and
secretion of vasodilation substances increases. When cells are suspended in
cultured in medium, they are subject to hydrostatic, shear and elongation
stresses (134). However, hydrostatic stresses are not enough to predict cell
damage as cells may deform or rotate due to strain effects. Pressure
difference in the spray system and jet formation, together with other unknown
factors may contribute towards shear stresses exerted on the cells. Elongation
stresses also occurring through a laminar flow, may stretch the cells and cause

further damage.

175



6.Conclusion and
Future
Recommendations
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The main contribution of the research described in this thesis is the use of
mathematical modelling for deriving spraying parameters for stem cell delivery
into the human retina. This thesis aims to ultimately inform the development
of aerosol spraying systems to deliver retinal stem cells into the eye. This
Chapter reviews the collective conclusions from each Chapter to evaluate
whether the objectives have been addressed.

6.1. Review of objectives

The objectives of the first research Chapter (Chapter 3), involved
characterising mechanical properties of several fibrin derived hydrogels, which
could act as potential injectable material and cellular scaffold. The rheological
properties of four fibrin-derived hydrogel mixtures (with varying thrombin
concentrations and constant fibrinogen dilution) were successfully quantified
using a rheometer. Perhaps, the hydrogel mixtures developed in this thesis
could be implemented as benchmark scaffold for developing ideal cellular
scaffold for stem-cell delivery. The rheological properties of the chosen
hydrogels are incorporated into the computational model of the human eye
developed in Chapter 4, to simulate aerosolization of the cellular scaffold and

its delivery onto the retinal surface.

The objective of Chapter 4 was to develop spraying parameter relationships
using a prescribed range of input parameters, namely volume flow rate of cell-
laden hydrogel (100 to 400 uL/s) and external air pressure applied at the
injector (10 to 100 kPa). This Chapter used mathematical modelling to
describe the spraying process based on a 3D model of the human eye using
realistic adult eye dimensions sought from the literature. Spraying outputs
such as surface area of the inner retina covered, maximum film thickness at
the wall, wall shear stress magnitude at the retinal wall and droplet speed were
investigated at the different pressure conditions. Values for the pressure inlet

were gathered from existing literature. A mesh convergence study was carried
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out to determine an appropriate mesh element size to obtain accurate
solutions. In defining the developed 3D eye model, associate mathematical
theories were assigned for each fluid phase, and the material properties of
fibrin derived hydrogel were inputting as parameters into the computational
model.

The limitation of this technique led to further experimental assessment for the
influence of spraying parameters (see Chapter 4); complimentary validation of
the identified relationships is sought experimentally. The covered surface area
of the inner retina is measured using the ImageJ software. Outputs such as
droplet size at different pressure conditions were suggested for further
analyses for future work. Chapter 5 employs experimental assessment as a
tool to evaluate cell viability by imposing boundary conditions and parameters
from the computational model; possibly quantifying and establishing a
relationship between cell viability and wall shear stress magnitude previously

calculated at the retinal wall.

6.2. Overall aim

The results from this thesis have shown that a combination between
mathematical and experimental testing techniques can provide a clearer
picture and guide for development of an aerosol spraying system for cell-
based therapies to treat retinal degenerative diseases in humans, with the
hope of scaling up such a procedure for larger organs around the human body.
These techniques introduced can be employed to investigate several output
parameters that could contribute toward successful spraying delivery of stem
cells and promote cell viability and proliferation. However, validating output
parameters experimentally could face limitations with practicality and how to
specifically quantify cell viability against wall shear stress magnitude during a
spraying event, rather than the quantified magnitude wall shear stress at the

retinal wall- after a spraying event. This study was able to hypothesise wall
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shear stress magnitude at the retinal wall through the mathematical model. It
is highly challenging to evaluate shear stresses imparted to the therapeutic
cells experimentally, although this is a necessary validation step for future
work. Introducing mathematical modelling in this thesis along with the results
obtained, has shown potential for future development of cell-based therapies
to treat retinal degenerative diseases, by quantifying input and output
parameters and developing operating equations to develop organ-specific
spraying parameter for cell-based therapies and for the design of aerosol

spraying equipment.

6.3. Summary of research achievements

In summary, this work used computational modelling as a tool to explore
spraying parameters for cell-laden hydrogels for retinal damage repair. This
thesis was able to successfully develop spraying parameters for spraying cell-
laden hydrogel in the eye using a currently available commercial clinical
spraying equipment. This was achieved through mathematical predictions
using the LISA model. This was the first time that such model was

implemented for cell spraying prediction for an ophthalmic application.

Computational models of hydrogel spraying were successfully used to explore
the impact of varying spraying parameters (pressure and volume flow rate at
the injector nozzle, outer cone angle for the spray) on key outputs of high
priority, namely the spatial distribution of the delivered hydrogel on the retinal

wall, the surface area of the retina covered, and droplet speed.

This is the first time that a computational model of its kind has been developed
and applied to explore spraying parameters for cell-laden hydrogels into the
eye. Hitherto, there are several opportunities for further extension and
validation, and possible implementation of such model across other clinical

settings. Although, the computational models applied here have been used
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extensively in a range of applications (be int clinical and non-clinical), however
they had not been validated for the current application. The experimental
assessment as part of this work includes assessment of the rheological

properties of the hydrogel and cell viability post spraying.

In addition, based on the results of this process, there is the opportunity to fine
tune the parameters and relationships used in the computational spraying
model. Computational modelling therefore also promoted development of
empirical equations describing parameter relationships and controlling the
surface area of a diseased retina needing treatment, which could potentially
be used to determine patient-specific spraying requirements with the potential
of further introducing automated systems to perform cell-based treatments for

glaucoma.

To date, there has not been any approach in the literature that would combine
computational modelling for spraying of cell-laden hydrogels into the human
eye, followed by experimental assessment using the same spraying
parameters developed computationally. The approach presented here
provides a first step towards the use of computational models to inform the
design of spray systems to deliver cell therapies to the retina; yet requiring
further experimental validation, including in animal models. This thesis
therefore provides an interdisciplinary approach to both gain insight into, and
inform, spraying processes for cell delivery to treat retinal-degenerative

diseases currently affecting millions of people worldwide.

6.4. Limitations

Despite the named research achievements, several limitations were identified.
Firstly, in reference to the applied LISA model used to define the injector
nozzle, although the application of the LISA model to these hydrogels and

spraying process has not been tested, the physical process that it is describes
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IS appropriate, and it is a logical start point for building a computational model
of the spraying process. It is therefore noted that these relationships could be

updated in future in line with new experimental findings.

Secondly, normal stress on cells due to high velocity impact and pressure
would contribute more to cell damage Both normal and tangential components
of stress will be communicated to the cell population and impact on cell
outcomes. Due to the direction of spraying, both components of the stress will
have an impact. As this is the first time such computational model is developed
and implemented to explore spraying parameter for cell-laden hydrogel into
the human eye, this research has therefore opened opportunities for further
extension. As such, although computational models have been applied on
various applications, it the first time for these models to be implemented on

the current application.

Similarly, another limitation in reference to effects of normal and tangential
acting on cells, this research was only able to quantify shear stresses following
post-spraying; however, it would be ideal to also quantify these stresses during
a spraying event in order to have a better understating of impact on cells,
which could potential lead to cell death post-spraying and hopefully evaluate
cell-death occurrence when a cell-laden hydrogel is ejected from a nozzle,

during a spraying event or post-aerosolization.

6.5. Research bottlenecks

As mentioned above, several primary objectives were met in this thesis. A
series of secondary objectives have been identified for future work (see Figure
6.1). For example, although it was beneficial using average human eye
dimensions, simulations using a variability of human eye dimensions and
geometries could have been carried out to evaluate sensitivity analyses for the

observed output parameters. Secondly, measuring the outer cone angle
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during each spraying event carried out experimentally, would have supported
closer comparisons with implemented aerosolization theories in the
computational model and alternative comparisons for surface area covered. In
addition, experimental assessment on 3D printed human eye models and
selected animal models, would have enabled a more realistic exploration of

the impact of real geometries and environments on the spraying process.

Next, we discuss 4 specific areas which could be explored in detail in future

work:

1. Measuring droplet size,

2. Spraying of cell-laden hydrogel,

3. Validation of experimental outputs,
4. Spraying parameters relationships.
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Figure 6.1Suggested future work planogram. Future studies will be conduct both mathematical modelling and experimental assessment. The experimental
assessment will involve measuring droplet size of cell-laden hydrogel with a droplet sizer and measuring outer cone angle from spraying using high speed
cameras. The parameters developed in this study will be implemented experimentally. Data gathered from the experimental data will be used and validated
with dataset from computational modelling from this thesis. There will be an additional segment including aerosolization on 3D models of human eye and animal
eyes, followed by in-vitro testing with animal models. Finally output parameters will also be evaluated. Operating relationships predicted from this thesis will be

used to establish hypothesis on this future work.
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6.5.1.Measuring droplets size

Following computational predictions for droplet dimensions (Section 4.8.3),
further data could be obtain experimentally using droplet sizer equipment. A
laser-based system will be used to measure the droplets size of the sprayed
fibrin-derived hydrogel. Laser-based techniques are used for particle-size
measurement in various research fields such as combustion, spray
characterisation and pharmaceuticals production (135). Two important
parameters from the data to be extracted are droplets size and density, both
considered as critical parameters for experiments and modelling. Droplet size
distribution gives important information; over the last three decades laser
diffraction analysis has appeared to be effective in providing particle size
distribution of observed fluids. A benefit of this technique is it requires little time
to conduct the experiment and covers a wide surface area and small volume

of fluid to be sprayed.

Generally, measurement methods can be carried out in situ or as external
measurements. During in situ measurements, droplet dimensions can be
measured at temperature and pressure of the operating conditions. This can
further be distinguished into direct and indirect measurements; whereby image
analysis and laser system techniques are applicable. However not all methods
are able provide all these capabilities. Direct measurements include image
analyses through particle video microscope, endoscope and
stereomicroscope. Indirect measurement is taken through laser system, using
light-back scattering or laser diffraction. Despite in-situ techniques, several
researches analyse their samples using external measurements, which were
one of the first methods introduced for droplet size characterisation (136). A
recommended equipment meeting such technical features and that will allow
droplet size measurements is the Malvern Instruments Spreytec System; a
laser-based system commonly used in literature to measure droplets’ size
distribution for aerosol sprays and jets (137,138). This system can measure

droplet sizes ranging between 0.5 and 1000 microns at rates of up to 2500 Hz.
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The system works with a patent algorithm, which helps correct multi-scattering
conditions taking place in high concentration sprays. The laser diffraction
method measures droplets size by interpreting the angular distribution of the
diffracted light by the droplets, using Fraunhofer theory, whereby the laser
diffraction causes a portion of light to deflect (139). Droplets dimension are
therefore determined by measuring the intensity of the laser beam travelling
through the droplets.

The Malvern system operates using the Mie theory (140), whereby scattering
by droplets with same size order as the wavelength takes place. Laser light-
scattering detection can size liquid droplets by characterising the sprayed
liquid. According to the literature (141), the technique must therefore have
sufficient size-measuring resolution, broad range of sizes, provide droplet size
distribution throughout the duration a spraying event and simultaneously
measure droplet velocity. Measuring spray droplet size is critical to evaluate
the performance on spraying technologies (142). As such there are several
methods available to measure sprayed droplet size. The results can be
affected by the type of measurement system, difference in sampling areas and
different equipment. Depending on droplet specific velocity within a given
spray, the derived data from implemented droplet sizer method can be
produced spatially or temporally. Spatial data is generated when a single
volume is observed over a short period of time, whereas temporal
measurements observe the movement of individual droplets with different
sizes. However, smaller droplet will decelerate faster compared to larger ones.
Droplets breakup occurs because of mechanical forces exerted by the
surrounding environment, which resist internal viscous forces. When the
mechanical forces are bigger than the resisted forces, droplets deform into
smaller ones. Viscous stresses due to velocity gradients in the surrounding

phase act as disruptive forces during the spraying event.

As such, an accurate droplet size distribution will be measured and

implemented as future work to enhance results obtained in this research.
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Droplet imaging will be used as a method for further validating be
computational data in Chapter 4. The cellular scaffold with properties derived
in section 3.2.1 will be sprayed with cultured cells; the equipment will be set

up as show in Figure 6.2 and Figure 6.3.
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Figure 6.2 The illustrations show a 2D representation and overall set up of the Malvern
Spraytec Instrument (a). The Spraytec and spray orientation (grey cone angle) are also
illustrated (b). The optical head is adjusted in a controlled manner, as such that the laser

measures the droplet size.
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Baxter spraying system. Vials will be loaded with cell-laden hydrogel of known
volume flow rate. Air pressureywill also be applied.

TRANSMITTER \ “ b= = = } RECEIVER

Designed loading rig

Figure 6.3 Malvern Spraytec setup, showing Baxter spraying system position on a clamp stand. The equipment will be spraying into 3D printer eye models prior
to using animal eye models. This setup will be used to determine droplet dimensions and for measuring outer cone angle during each spraying event.
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6.5.2.Spraying of cell-laden hydrogel on in vitro retina and 3D

printed eye models

In this thesis, we have assumed the eye to be a perfect sphere with a known
average diameter. Using the previously mentioned setup of the droplet sizer
equipment, the proposed experimental procedure could proceed with spraying
the fibrin-derived hydrogel onto 3D printed models of the human eye before
proceeding with real animal eye models. Using a similar setup from Section
2.9, animal tests may be carried out on animal eye models such as rodents or
pigs. This setup will help observe the behaviour of the cellular suspension
once sprayed on the animal retina. Parameters relationship could then be
observed through high speed cameras and validation from the developed

mathematical model.

6.6. Conclusion

In conclusion, biopolymers such as fibrin-derived hydrogel offer effective sites
for cell adhesion as protein-based biomaterials (116). Through cell adhesion,
proliferation is set to take place onto the damaged region. The use of fibrin-
derived gels has increased over the recent years due to their unique properties
such as controlled degradation rate to match tissue regeneration, excellent
biocompatibility and its mechanical properties which can be tuned to control
ionic strength. Other properties include uniform and efficient cell distribution
and its compatibility with minimal invasive delivery approaches. Literature
studies support the use of fibrin-derived hydrogels to promote cell proliferation

and tissue healing.

The use of fibrin gels as a cell carrier is continuously increasing, hence
highlighting the need for a vehicle to facilitate cell delivery, in turn promoting

cell proliferation and viability. This thesis uses fibrin-derived hydrogels protect
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cells from hydrodynamic forces and other forces which may affect their survival
rate post-injection, ultimately yielding good cell viability.

As research continues in this field, it should be noted that computational or
mathematical modelling is yet to be employed as an alternative technique to
derive organ-specific spraying parameters for prospective cell-based
therapies. A number of strategies have been identified to optimise cell viability
through mathematical modelling; employing a more economical process as
well as a rapid technique that can be replicated for different subject and
applied to different organs around the body are subject to be explored in the
nearest future; notwithstanding the need to closely tuning these parameters to

improve accuracy in cell delivery in a fast and controlled manner.
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