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Abstract

Abstract

Traumatic brain injury (TBI) occurs as a result of significant impact to the head
causing damage to the brain tissue, such as that resulting from traffic collisions
and falls, and can lead to long-term disability for affected patients. Current
therapies for brain injury aim to limit further damage occurring via secondary
injury pathways as a response to the initial trauma. Animal studies have shown
improved neurological outcomes after injury following mesenchymal stromal
cell (MSC) transplantation (Volkman, 2017) due to the immunomodulatory and
pro-regenerative effects of the proteins and extracellular vesicles of the
secretome (Pischiutta et al., 2022). Successful delivery of these cells is limited
by the delivery route. Cells delivered intravenously show poor migration to the
site of injury, resulting in a large loss of therapeutic cells (Harting et al., 2009).
Therefore, it was hypothesised that spraying MSCs in a pectin solution would
result in retained viability and phenotype of the cells, possibly offering a suitable

method for local delivery of MSCs to TBI patients in the future.

Pectin is cross-linkable with calcium, enabling cells to be sprayed in solution. In
this thesis, four grades of citrus pectin were selected for evaluation, each with
differing degrees of methylation (DM) and amidation (DA). CU-701 and CU-L
have 37% and 28% DM respectively and LM-102 and LM-104 have 19% and
20% DM, and 30% and 27% DA respectively. The mechanical and
biocompatibility properties of each of these grades was assessed, including
viscosity, gelation, and cytotoxicity testing. Each grade demonstrated a viscosity
suitable for spraying at 1% w/v in 1XPBS pH 7.4 and gelation with calcium was
still observed. Since all grades of pectin (at 1% w/v in 1xPBS pH 7.4) showed

low cytotoxicity, all grades were progressed to cell spraying studies.

The mucosal atomisation device (MAD) syringe sprayer was selected for
evaluation in the cell spraying experiments. The cell viability after spraying was
assessed at a range of cell densities using the 3T3 mouse fibroblasts and the SH-
SY5Y human neuroblastoma cell lines. Once viability was established, similar
cell viability testing was carried out using primary human MSCs derived from
the bone marrow of three separate donors, showing that high viability after
spraying could be achieved at all cell densities tested. Studies then progressed to
evaluate the viability and surface marker expression (CD90, CD105, CD73,
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CD34, CD11b, CD19, CD45, and HLA-DR) by flow cytometry of the hMSCs
after spraying in pectin solutions. High viability, comparable to the hMSC
seeded by syringe in 1xPBS, was achieved for all pectin grades. The results of
the surface marker expression analysis showed CU-701 was the only grade of
pectin not to show a significant downregulation of CD90, CD105, and CD73
compared to the control, or significant upregulation of CD34, CD11b, CD19,
CD45, and HLA-DR. As a result, CU-701 pectin was taken forward into
preliminary differentiation studies and a differential gene analysis. No
spontaneous differentiation of the hMSCs into cells of an osteogenic or
adipogenic lineage was observed as a result of seeding in CU-701 pectin or
spraying. Preliminary data indicated the osteogenic differentiation may be
impaired for one of the three donors, however adipogenic differentiation was
observed in all conditions tested. Further studies are required to test for
chondrogenic differentiation, to further test the osteogenic differentiation
potential, and to include the hMSCs from the third donor. Differential gene
expression analysis of approximately 30,000 genes was then carried out using
cells which had been syringed or spraying in either 1xPBS or CU-701 pectin.
This indicated that the process of spraying had very little effect on gene
expression, but that the CU-701 pectin and the different donors caused genes to

be differentially expressed.

Using the SH-SY5Y cell line, in vitro models of oxidative stress and
excitotoxicity were optimised and established. Pectin hydrogels were added to
the damaged cells in culture, and the LM-102 and CU-701 pectin grades were
selected for use in the co-culture model. Human MSCs were added to well inserts
by syringe or spray in 1xPBS, LM-102, or CU-701 pectin to understand whether
they influenced SH-SY5Y survival or proliferation after damage by glutamate
or H2O2. No significant differences were observed, suggesting hMSCs may
modulate repair following damage via alternative pathways.

Overall, this study has demonstrated that viable hMSCs can be sprayed in
different grades of pectin using the MAD syringe sprayer. The CU-701 grade
appears to be most suitable for use with hMSCs based on experiments carried
out in this thesis. This provides key information for the future development of

spraying hMSCs in pectin as a local delivery method for use in TBI.
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Introduction

Chapter 1 Introduction

1.1. Traumatic brain injury

Traumatic brain injuries (TBI) occur as a result of impact to the head which
affects the normal function of the brain. The brain is a highly interconnected
organ which controls everything in the body from unconscious, essential
functions such as digestion, to movement and cognition. The severity of injury
and recovery by the patient are affected by many different factors, including the
mechanism of injury, immediate care following the injury, and the environment
in which the patient recovers (Ponsford et al., 2000, Prins et al., 2013). The
different mechanisms of injury can lead to different structures of the brain being

affected, which are shown in Figure 1.1.

Cerebral —\
cortex
Corpus
callosum

Thalamus

Pineal gland
==
Hypothalamus
Pituitary gland
—— Cerebellum
Midbrain
Brainstem Eong /
Medulla _ )
oblongata

Spinal cord

Figure 1.1 — Major structures found within the brain. Image adapted from a
BioRender template.

The brain functions to coordinate movement, reflexes, essential body functions,
conscious thought, learning, emotion, and language. The cerebral cortex is the
largest structure within the brain and is responsible for many of the conscious
functions (thought, emotion, learning, etc.) (Javed, 2022). Nerves from the spinal
cord run into the brain via the brainstem. The pituitary and pineal gland act in

conjunction with the hypothalamus to regulate homeostasis within the body. The
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cerebellum functions to refine signals for movements, therefore aiding with
balance and fine motor control.

1.1.1. Cells of the brain
There are four main cell types within the brain: neuron, microglia,

oligodendrocyte, and astrocyte.

Cell body Axon terminal

\%@( - I
I m%% 4(4,

=

Synapse

Figure 1.2 — Neuron structure, including the synapse. The left neuron (pink)
passes information to the right neuron (red) via the synapse between the
axon terminal of the left, and the dendrite of the right. The process of
neurotransmitter release is highlighted in the bottom image. Figure made in
BioRender.

Shown in Figure 1.2, neurons have a cell body containing the nucleus, an axon,
and dendrites. The cell body carries out the metabolic functions within the cell.
The axon carries electrical impulses as action potentials, and the dendrites
receive information. When the action potential reaches the end of an axon, where
the synapse is found, the electrical impulse cannot bridge the gap. Here,
neurotransmitters are released to pass the signal on, depicted in Figure 1.2. The
neurotransmitters are released in vesicles via exocytosis, triggered by local
increases in Ca?* concentration in response to the action potential. These
neurotransmitters then bridge the gap and bind to receptors on the cell membrane

of the neighbouring neuron (Fon et al., 2001).

The central nervous system (CNS) is broadly broken down into grey and white
matter, named based on their appearance. The grey matter has a higher
abundance of neural cell bodies, dendrites, and synapses, and tends to be located

more superficially (closer to the skull or internal ventricles). The white matter
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has a higher proportion of axons and myelinating cells and tends to be found in

deeper regions of the brain (Kohler et al., 2021).

Microglia are essentially the immune cells of the brain. They use fine filipodia
to sense the microenvironment and detect damage or infection in the CNS.
Microglia then act as phagocytes to clear dead cells and debris (Jakel et al.,
2017). Microglia also have functions in neurogenesis and the assembly of neural
networks. They help to regulate synaptic plasticity, phagocytosing unneeded
dendrites and synapses (Colonna, 2017). Microglia can also respond to protect
neurons from N-methyl-D-aspartate (NMDA)-induced excitotoxicity (Colonna,
2017).

Oligodendrocytes are the myelinating cells of the CNS. They wrap around the
axons of neurons to insulate them, speeding up impulse propagation.
Oligodendrocytes also offer metabolic support to the axons of neurons (Bradl
and Lassmann, 2010, Moore et al., 2020).

Astrocytes are the most abundant cell type found in the brain. They are closely
associated with synapses and the blood-brain barrier (BBB) to regulate
permeability, and function to maintain extracellular concentrations of ions,
water, neurotransmitters, and other small molecules (Siracusa et al., 2019). In
response to injury, astrocytes become reactive, containing the injury through the
formation of a glial scar. A feature of neuroinflammation is astrocyte swelling,

associated with their ion homeostasis function (Kim et al., 2019).

1.1.2. Primary injury

TBI is broadly broken down into two stages: primary and secondary. Primary
injury describes the initial impact, such as a blunt force, penetrating, or
acceleration/deceleration injury. The injury can directly cause tearing of blood
vessels, damage to the neurons, microglia, astrocytes, and oligodendrocytes, and
can cause the deformation of tissue. This results in necrotic cell death and lesions
within the brain, with cellular contents and debris released into the brain tissue
(Kaur and Sharma, 2018). Damage to the brain tissue can lead to loss of
functions and connectivity between neurons, resulting in wide ranging
symptoms such as memory loss, loss of movement, seizures, and chronic

neurodegenerative disorders such as early-onset Alzheimer’s disease.
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After injury occurs, TBI can be classed as mild, moderate, or severe, and is often
scored using the Glasgow Coma Scale (GCS). This assesses visual, verbal, and
motor responses to stimuli to generate a score between 3-15, with higher
numbers equating to a less severe injury (Jain and Iverson, 2020). Each case of
TBI is unigue due to variation in the mechanism of injury, force, site of impact,
patient’s genetics and age, and the quality of the immediate care given (Prins et

al., 2013).

Primary injury can result in a range of injuries to the brain. Figure 1.3 shows the
meningeal layers surrounding the brain to highlight the location of the different

intracranial haematomas briefly summarised below.

e

Periosteum

"""’/Skull
Periosteal and meningeal dura mater
Arachnoid mater
4 Subarachnoid space
" Pia mater

i |
Rl

RN,
= ' — = \\\ / ——b i

/

Cerebral cortex

Figure 1.3 — Meningeal layers surrounding the brain in humans.

Intracranial haematomas are bleeding in or around the brain and can be sub-
categorised based on the location in relation to the meningeal layers shown in
Figure 1.3. They result from damage to blood vessels and can cause an increase
in pressure within the skull, leading to further, and potentially fatal, damage to
the brain tissue. Epidural haematomas are bleeding between the meningeal dura
mater and the skull. These are commonly caused by damage to the middle
meningeal artery resulting from fractures to the temporal bone (Kaur and
Sharma, 2018). These tend to have a rapid onset due to arterial bleeding but are
less common. Subdural haematomas are bleeds between the dura and the
arachnoid mater. These results from damage to veins in the subdural space. They
are slower to form but tend to be more serious and have a higher mortality rate

(Parikh et al., 2007). Intraparenchymal haemorrhage describes bleeding from a

4
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region in the brain as a result of damage to blood vessels. These commonly have
a non-traumatic cause, but can be caused by a penetrating injury, such as a

gunshot wound (Tenny, 2022).

Skull fractures can be depressed or non-depressed and indicate that significant
force was involved in causing the injury. Non-depressed fractures are lower risk,
whereas depressed fractures have a high chance of tearing the dura and damaging
the cerebral cortex (Parikh et al., 2007). They are associated with a high risk of
causing haematomas, especially when the fracture occurs to the temporal bone
and damages the middle meningeal artery, causing epidural haematomas (Parikh
et al., 2007).

Contusions are areas of bleeding within the brain tissue and are often associated
with a force causing the movement of the brain within the skull (Adatia et al.,
2021). Contusions can be classed as coup, contrecoup, or coup-contrecoup
injuries. Coup lesions occur at the impact site, commonly when the head is
stationary, and the object is moving. Contrecoup lesions occur distal to the
impact site, commonly when the head is moving and hits a stationary object.
Coup-contrecoup lesions have damage sites both where the impact occurred and
distal to it (El Sayed et al., 2008).

Diffuse axonal injury (DAI) describes damage to axonal fibres resulting from
shear stresses when the brain accelerates and decelerates. DAI is commonly seen
in moderate to severe closed-head injuries (without penetration from an object
or skull fracture) (Frati et al., 2017). Historically, this was classed as a very
severe form of injury as imaging would only pick up severe cases. However,
advances in imaging have demonstrated this form of injury is present in mild
TBI such as concussion, like those commonly seen in contact sport athletes
(Laskowitz and Grant, 2016). As the axons are essential for carrying electrical
impulses to neighbouring neurons or other effectors, DAI can affect their ability

to relay information within the brain.

1.1.3. Secondary injury
The secondary injury follows within minutes of the primary, and can continue to
affect patients decades later with the onset of Alzheimer’s disease and other

forms of dementia (Wilson et al., 2017).
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Many of the secondary injury pathways are interlinked, shown in Figure 1.4.
When the primary injury occurs, the cell membranes are stretched, leading to a
flux of ions, including K*, Na*, and Ca?" (Pearn et al., 2017). This ionic
imbalance causes an osmotic imbalance, which can lead to water retention in the
brain, oedema formation, and an increase in intracranial pressure (ICP) causing
further damage (Werner, 2007). The Na*/K* ATPase pumps work to restore the
balance of K* and Na*, consuming large amounts of the cellular ATP (Kaur and
Sharma, 2018). The dysregulation of Ca* can impact the mitochondria, causing
swelling, loss of function, and can trigger oxidative stress and apoptotic

pathways to contribute to further cell death (Greve et al., 2009).

Excitotoxicity is a key feature of secondary injury, caused by high glutamate
levels following the initial injury, which can remain so for up to 48 hours (Ladak
et al., 2019). This can lead to excitotoxicity due to prolonged activation of
NMDA or a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors, resulting in an influx of Ca*, further exacerbating the effects on the
mitochondria (Greve et al., 2009).

Glucose metabolism is impaired following TBI, with a transient initial period of
rapid glucose uptake, suggested to be due to the demand of the ion transporters
working to restore the ionic imbalance, followed by a period of glucose
metabolism depression (Prins et al., 2013). Following TBI, more glucose is used
anaerobically, and the utilisation of lactate as a metabolic substrate also increases
(Jalloh et al., 2015). Ultimately, if the metabolism within cells cannot match the

energy demands, cell death can occur as a result of this impairment.

Another consequence of impaired metabolism after injury is an increase in the
production of reactive oxygen species (ROS) such as superoxide (O2’), hydrogen
peroxide (H202), and hydroxyl radicals (-OH), in the brain (Fesharaki-Zadeh,
2022). ROS are also a consequence of neuroinflammation following injury, and
can react with lipids, nucleic acids, and proteins. This can lead to membrane
damage, including the mitochondrial membrane, as well as protein inactivation,
including ion channels. These all lead to further cell injury and death (Lozano et
al., 2017).
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The intermediate phase of the secondary injury includes responses from the
immune system. Resident microglia and astrocytes become activated and
reactive. Due to the primary injury and cell membrane damage, the BBB
becomes compromised, allowing for the recruitment of peripheral leukocytes
(Lozano et al., 2017). An initial immune response is essential in the early phases
of recovery to remove cellular debris and contain damaged areas (Kim et al.,
2019). Part of this response is known as glial scarring, thought to serve as a
protective mechanism to contain injury and prevent the damage of surrounding
tissues due to the presence of the lesion. Longer term however, this mechanism
prevents the regeneration of axons, remyelination of cells, and integration of new
neurons. Chronic inflammation contributes to a lack of regeneration and
restoration of neural pathways, and has been linked to the development of

neurodegenerative diseases long-term (Xiong et al., 2018b).

1.1.4. Current therapies

Current therapies are unable to repair damage caused by the primary injury, and
instead aim to prevent further damage from occurring. If damage to blood vessels
has occurred, bleeding or oedema can cause the ICP to increase (Namjoshi et al.,
2013). Brain tissue cannot be compressed, and the skull cannot stretch to
accommodate increases in pressure, so this can rapidly cause more damage for
the patient (Galgano et al., 2017). ICP can be monitored invasively, by inserting
pressure sensors directly into the intracranial space. This can be carried out in a
few different ways, most commonly in either the intraventricular space to
measure the fluid pressure, or by using an intraparenchymal sensor (Zhang et al.,
2017).

Medical management of increasing ICP involves elevating the head, delivering
hypertonic saline to draw water away from the brain, or delivering mannitol to
reduce blood viscosity and create an osmolar gradient similar to the mechanisms
of saline (Berger Pelletier et al., 2014, Galgano et al., 2017). In severe cases of
TBI, breathing can be impaired so the patient may be placed into an induced
coma to ensure continuous breathing. This also reduces the metabolic demand
from the brain, reducing the impact of impaired metabolism seen in the
secondary injury pathway (Galgano et al., 2017). However, poor airway
management during the period of induced coma can increase the injury and lead

8
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to a worse outcome for the patient. Hypoventilation results in an accumulation
of COz and an increase in ICP, whilst hyperventilation increases the risk of
vasoconstriction in the brain (Dash and Chavali, 2018). A slight hyperventilation

is favourable when managing the airway.

Hypothermic cooling of patients with TBI has been used as a treatment, working
on the hypothesis that cooling patients will decrease the ICP, reduce the
metabolic demand on the brain, and reduce the inflammation (Khellaf et al.,
2019). However, clinical trials comparing this treatment to no cooling have often
shown little long-term benefits, with some showing a worse outcome resulting

in early termination of trials (Andrews et al., 2015).

There are some pharmacological treatments available to patients to manage the
symptoms post-TBI. Anti-epileptic medication can be given to manage seizures,
which are common following severe TBI (Wat et al., 2019). An altered mental
state is often reported in patients after suffering a TBI, therefore, to treat the
symptoms of depression and lack of alertness, anti-depressant and stimulant

medication can be given (Robert, 2020).

Some patients will require surgical interventions during their TBI care. When an
epidural haematoma is detected on a CT scan and measured to be >30 cm? it will
require surgical evacuation (Li et al., 2010b). Similarly, if a subdural haematoma
is detected with >10 mm thickness with a midline shift >5 mm, surgical
evacuation will be carried out (Bullock et al., 2006). These often require the
removal of a bone flap to gain access to the haematoma for removal, which will

then be replaced upon completion of the surgery.

Patients with high ICP due to diffuse brain swelling which cannot be managed
medically may require a decompressive craniotomy (DC). The procedure
involves the removal of a bone flap to allow more space for the swollen brain.
The bone flap may not be immediately replaced, in which case the patient will
require a secondary surgery once the swelling has subsided (Adams et al., 2016).
This is a lifesaving surgery which prevents herniation of the brainstem, however
patients who have received a DC show poorer recovery and increased disability
long-term (Dash and Chavali, 2018). Studies are often retrospective due to the

difficulty in setting up randomised trials to understand the effects of DC, and the
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outcome of that particular study is potentially due to a high severity injury

causing the requirement of a DC.

In TBI with a skull fracture, surgery may be required to repair and realign the
damaged bones. These are carried out to reduce the risk of infection, prevent
increases in ICP, and to prevent longer-term cosmetic problems (Adams et al.,
2016). Many of these surgeries described lead to the exposure of the brain, which
presents an opportunity to locally deliver additive therapies, overcoming some

of the migration issues presenting when using alternative delivery methods.

1.2. Developing novel TBI treatments

TBI can leave patients with long term disability and symptoms, with an increased
risk of neurodegenerative disorders later in life. Even if TBI sustained earlier in
life was only classed as mild, repeated injury such as that seen in American
football, rugby, or other contact sports, has been linked to the onset of
neurodegenerative diseases (Wilson et al., 2017). As a result, there is ongoing
research to find more effective treatments for preventing further secondary

injury from occurring, as well as treatments that are neurorestorative.

1.2.1. Pharmacological approaches

Neuroinflammation is linked to a lack of regeneration following TBI, which is
associated with function, memory, and attention deficits in patients (Pearn et al.,
2017). Many anti-inflammatory drugs have been evaluated in pre-clinical animal
models and shown promise, but translation to humans is poor with detrimental
effects often shown (Crupi et al., 2020). Minocycline is an example; in animal
TBI models it has been shown to reduce microglial activation and improve
recovery, however it has been shown to be detrimental with chronic dosing in
clinical trials (Celorrio et al., 2022). Similarly, corticosteroids and progesterone
have shown promise in pre-clinical animal models of TBI, which has not

translated to positive outcomes in clinical trials (Khellaf et al., 2019).

As calcium is linked to many detrimental effects seen in secondary injury, many
different methods of either mopping up excess intracellular Ca?* or blocking
transport channels have been evaluated in animal models. These include
nimodipine, ziconotide and S100B protein (Galgano et al., 2017). NMDA

receptor antagonists such as amantadine have also been investigated to limit

10
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excitotoxicity (Galgano et al., 2017). Again, promising initial results led to
clinical trials, however no positive outcomes were recorded in human TBI

patients (Ghalaenovi et al., 2018).

1.2.2. Cell therapies

Due to their ability to interact with damaged tissues and secrete trophic factors
to aid in repair in response to stimuli (Wei et al., 2013), cell therapies may have
advantages over pharmacological approaches. Different strategies to investigate
cell therapy for TBI have been researched over the years and are summarised in

the following sections.

Pluripotent stem cells, including embryonic and induced pluripotent stem cells,
are able to differentiate into any somatic cell type. Therapeutically, these offer
the most potential to integrate into the damaged tissue and replace lost cells.
Efficacy has been demonstrated in neurological damage, but these have been
overshadowed by excessive growth, incomplete differentiation, and tumour
formation in some cases (Boltze, 2015). The unlimited proliferative potential of
pluripotent stem cells is highly useful when division is tightly controlled and
directed, as it is during embryonic development, but can be dangerous with

tumorigenic potential when cells are delivered to an adult (Yamanaka, 2020).

Neural stem cells (NSC) are found endogenously in the brain in the
subventricular zones and dentate gyrus (Zhang et al., 2016). The response to
trauma is insufficient for significant repair, despite their potential to differentiate
into a variety of brain cell types (Kim, 2009). Efficacy of NSC transplant has
been shown in rodent models, where restoration of cognition was demonstrated,
however there was no change in lesion size. This suggests that the therapeutic
effect is due to the secretion of factors, rather than the replacement of lost cells
(Haus et al., 2016). Similarly, efficacy was shown in another rat TBI model
where they demonstrated neuroplasticity was due to brain-derived neurotrophic
factor (BDNF) from NSCs (Xiong et al., 2018a).

Mesenchymal stromal cells (MSC) are found endogenously in several niches. In
adults they can be obtained from the bone marrow, adipose tissue, dental tissue,

peripheral blood, salivary glands, and skin, offering an autologous source for
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transplantation. MSCs can also be obtained from amniotic tissues, the placenta,
the umbilical cord, and Wharton’s jelly (Ullah et al., 2015b).

To be classed as a MSC there are a set of criteria the MSCs must meet. According
to the International Society for Cellular Therapy (ISCT) Mesenchymal and
Tissue Stem Cell Committee, cells must be plastic-adherent, express CD90,
CD105, and CD73 surface markers, and not express CD45, CD34, CD14,
CD11b, CD79a, CD19, or HLA-DR, and be able to differentiate into osteogenic,
adipogenic, and chondrogenic cells (Dominici et al., 2006). MSCs have received
attention for their potential in the treatment of neurodegenerative diseases and
CNS injury (Volkman, 2017). It has been demonstrated that MSCs are able
differentiate into neuronal-like cells in vitro given the correct stimuli (Luo et al.,
2019). Some animals that have been administered MSCs following TBI have
shown some engraftment of the MSCs to the injury site and marker expression
such as NeuN and GFAP, indicative of early stages of differentiation (Lu et al.,
2001). However, neurological improvement without MSC engraftment has been
observed, suggesting trophic factors play a role in recovery following TBI in

animal models (Madrigal et al., 2014).

Many clinical trials have demonstrated the safety of MSCs for use in a range of
indications, including those of an allogenic source, and the number of clinical
trials being registered/beginning each year is increasing (Wright et al., 2021).
NSC-like cells derived from bone marrow MSCs have demonstrated safety in a
phase | trial in humans carried out by Wang et al. (2017) on 10 patients at the
First People's Hospital of Jingmen (Jingmen, China) between January 2012 and
June 2013. Patients did not appear to have any detrimental side effects following
intravenous or intrathecal injection. The authors measured higher neurotropic
factors such as BDNF in patient plasma following cell delivery and hypothesised

that this may be a possible mechanism of action (Wang et al., 2017).

Umbilical cord (UC)-MSCs have been delivered by lumbar puncture to patients
with severe TBI, with some improvements seen in upper limb, lower limb, and
sensation scores (Wang et al., 2013). Overall, neurological function
improvements were recorded over the 6-month study period and safety
demonstrated and Wang et al. (2013), suggestions were made that the effects
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were due to trophic support or environmental manipulation to stimulate
endogenous repair. A clinical trial is active in America at time of writing
investigating the safety and efficacy of autologous MSCs for the treatment of
TBI (Cox, 2023) (Clinicaltrials.gov — NCT04063215). Another is investigating
the safety and efficacy of intravenous allogenic UC-MSCs (AlloRX) for the
treatment of TBI in Antigua and Barbuda (Prodromos, 2023) (Clinicaltrials.gov
—NCT05018832).

MSCs are under investigation for other neurological indications. Some clinical
trials investigating efficacy and safety of MSCs for use in Parkinson’s disease
have been reviewed by Mendes Filho et al. (2018). Studies have shown some
positive outcomes, however there are still obstacles to overcome such as the cell
number and route of administration to achieve the best outcomes (Mendes Filho
et al., 2018). Athersys Inc. are currently undertaking a phase 3 trial into the
intravenous delivery of their bone marrow stem cell product MultiStem® for use
in the treatment of stroke (Mays, 2023a) (Clinicaltrials.gov — NCT03545607).
This follows a successful phase 2 clinical trial which showed positive outcomes
in patients after a 12 month follow up (Mays, 2023b) (Clinicaltrials.gov —
NCT01436487).

To date, only one MSC therapy has been approved for use in European markets,
but not for use in neurological disease or damage. Alofisel® (darvadstrocel) uses
adipose derived MSCs as a last resort treatment for complex anal fistulas in
adults with Crohn’s disease which is unresponsive to the standard biological
treatments. The treatment is the local injection of two vials, each containing

3 x107 cells (European Medicines Agency, 2018).

MSCs have been shown to secrete various growth factors such as vascular
endothelial growth factor (VEGF), BDNF, glial cell line-derived neurotrophic
factor (GDNF), and nerve growth factor (NGF) (Schepici et al., 2020). These
factors have demonstrated neuroprotective effects in various models of brain
pathology (Baez-Jurado et al., 2019). MSCs also demonstrate anti-inflammatory
and immunomodulatory effects in the damaged brain by the secretion of factors
such as transforming growth factor (TGF)-B, indoleamine 2,3-dioxygenase
(IDO), IL-10 and hepatocyte growth factor (HGF) (Gonzalez-Gonzalez et al.,
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2020). The secretion of these factors have been shown to reduce the activation
of astrocytes and microglia, which is a feature of neuroinflammation following
TBI (Andrzejewska et al., 2021). The secretion of immunomodulatory factors
such as IL-10 from MSCs has been implicated in the shift of both microglia and
macrophages from a pro-inflammatory M1 to an anti-inflammatory M2 state
(Andrzejewska et al., 2021, Gonzalez-Gonzalez et al., 2020). Exosomes are
secreted by MSCs, which contain mRNA, microRNA, and proteins. When
isolated and delivered to rats following induced TBI, angiogenesis,
neurogenesis, and overall functional recovery is observed (Zhang et al., 2015).
Therefore, whilst MSCs may not engraft and differentiate in the injured brain,
they may promote angiogenesis, neurogenesis, and reduce the inflammatory
response from infiltrating leukocytes, promoting an environment within the
injured brain which is more conducive to repair (Adugna et al., 2022, Ludwig et
al., 2018, Schepici et al., 2020, Mashkouri et al., 2016).

1.3. TBI models

1.3.1. In vitro models

The use of in vitro models is valuable for screening potential therapies and
understanding molecular mechanisms (Duval et al., 2017). TBI is complex and
difficult to model completely in vitro. A range of cell models have been
established and published, but there is no single model that offers a complete
picture of the TBI mechanisms and efficacy of a potential new treatment.
However, in vitro models can benefit from the ability to study isolated
mechanisms of injury and their effect on different cell types.

A simple and well-established method of culturing cells is to culture single cell
types in plates or flasks on plastic. These are often simple to set up and optimise
and allow for convenient and high-throughput screening of novel treatments. 2D
environments are limited in that they are not representative of the highly
complicated and interconnected network that different cells form in the brain. In
vivo, cells are found within an extracellular matrix (ECM) made up of various
different components including proteins and sugars. The mechanical and
chemical properties of the ECM, as well as chemical cues from other cells,

influence the survival, growth, and behaviour of cells found within the tissue
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(Yue, 2014). Removing cells from this environment can alter the effects of
potential therapies. Simple 2D models and well-characterised cell lines still have

their place in TBI research as early screening tools.

Depending on the complexity required, a range of cell types can be used to study
particular injury pathways and cellular responses observed in TBIl. Human
induced pluripotent stem cells (hiPSC) are induced from somatic human cells,
such as fibroblasts, and behave like embryonic stem cells; they can be
differentiated into many cell types when given the correct cues (Park et al.,
2008). Therefore, hiPSCs can be differentiated into brain cells such as neurons,
and injury has been modelled by stretching the cells cultured on elastic surfaces
(Sherman et al., 2016). Differentiated hiPSCs have also been used to form co-
culture models of the BBB, astrocytes, and neurons, enabling the study of these

without the need for primary human or animal cells (Canfield et al., 2017).

Cell lines have been used for many years in biological and medical research as
a tool to understand cellular processes, design screening tools for novel
therapies, and establish in vitro models for disease and injury (Sarntivijai et al.,
2014, Bairoch, 2018). 2D cell lines are relatively simple to culture compared to
primary cells, inexpensive, and grow readily, enabling high-throughput
screening assays to be established (Duval et al., 2017). Whilst there are
advantages to the use of cell lines, they are not without their drawbacks. Many
can be passaged numerous times due to immortalisation of the cells. This is an
advantage in terms of ease of culture, but the genetic makeup of the cells is
altered as a result (Kaur, 2012). When considering human cell lines such as the
SH-SY5Y cell line described in Table 1.1, they have 47 chromosomes (ATCC,
2023b), one more than would be found in their healthy counterparts. Despite
this, cell lines are commonly used in early research to understand cellular
processes occurring as a result of TBI, and to screen novel therapies for TBI.

These are summarised in Table 1.1
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Table 1.1 — Cell lines used to model TBI. The cell lines included have relevance to cells found in the brain and have been used to study mechanisms

of TBI injury.

PC-12

SH-SY5Y

NG108-15

bEnd.3

BV-2

HT22

Pheochromocytoma of the
rat adrenal gland (Wiatrak et
al., 2020).

Human neuroblastoma from
a metastatic bone tumour.
Subclone of the SK-N-SH
cell line (ATCC, 2023b).

Hybrid of mouse
neuroblastoma  N18TG-2
cells and rat glioma C6 BV-
1 cells (Merck, 2023).
Endothelial cells derived
from the brain of a mouse
with endothelioma (ATCC,
2023a).

Derived from  primary
mouse  microglial cells,
immortalised with the J2
retrovirus.

Mouse hippocampal
neuronal cell line.

Neurite-like processes extend from the cell body. Cells
have ion channels, neurotransmitter receptors, and
neurotransmitter secretion (Wiatrak et al., 2020).
Neurite-like extensions from adherent cells. The cells can
be used differentiated or undifferentiated (Kovalevich
and Langford, 2013, Shipley et al., 2016).

Neurite extensions and acetylcholine expression (Daniels,
1974). Cells can be differentiated to lead to the presence
of action potentials in the cells (Liu et al., 2012).

Used to model the endothelium of the BBB. Can be used
in isolation (Berrout et al., 2012), or in combination with
other cells to form a more complex model of the BBB, for
example bEnd.3 cells have been co-cultured with primary
astrocytes (Michinaga et al., 2021).

Cells have markers associated with microglial cells and
are used to study neuroinflammation (Timmerman et al.,
2018).

Cells expresses acetylcholine receptors and have neurite
outgrowths (Liu et al., 2009).

Oxidative stress has been modelled with H,O; to
study potential neuroprotective effects of
compounds (Li et al., 2022, Zheng et al., 2014).
Models of ischaemia, excitotoxicity, and oxidative
stress, using oxygen and glucose deprivation,
glutamate, and H,O; respectively (Liu et al., 2018).
Mechanical injury by stretching cells grown on
elastic substrates (Skotak et al., 2012).

Cells have been used to model blast TBI using
pressure to damage the cells when cultured in well
plates (Arun et al., 2011).

Stretch injury to understand Ca?* and the relevant
transporters in BBB damage (Berrout et al., 2012).
bEnd.3 cells and primary astrocytes in co-culture,
damaged by fluid percussion, has been studied to
understand endothelin-1 and sonic hedgehog
protein in BBB damage (Michinaga et al., 2021).
Cells have been stimulated with lipopolysaccharide
to study molecules for downregulation of
inflammatory responses (Kumar et al., 2017).

Stretch models to mimic neurite damage to screen

novel treatments for their effects on neural
outgrowth recovery (Rachmany et al., 2017).
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Of the six cell lines described, four are derived from mice, one from rat, and one
from human. When considering that the animal models used are often mice or
rat, using a cell line derived from the same species as these models may offer
advantages in terms of translation to the animal models. However, developing
treatments for human TBI is the end goal for many of the studies, therefore a cell
line of human origin, expressing human genes, may offer advantages in

translation to human patients (Dumont et al., 2016).

The selection of the appropriate cell line also depends on the mechanism by
which the novel therapy is thought to have an effect. The bEnd.3 cell line is used
to model the BBB and the effects of injury on cellular mechanisms within the
cells. Using bEnd.3 cells, the transient receptor potential channels TRPC1 and
TRPP2, responsible for Ca?* transport in response to mechanical signalling, have
been implicated in injury sensitivity following stretch injury (Berrout et al.,
2012). Increased BBB permeability can result from TBI and can lead to impaired
fluid homeostasis, aggravating the issue of increased intracranial pressure and
causing further damage (McKee and Daneshvar, 2015). Understanding the
molecular pathways involved can lead to the identification of novel therapeutic

targets.

The PC-12, SH-SY5Y, NG108-15, and HT-22 cell lines all have neurite-like
outgrowths from the cell body, similar to those observed in primary neurons.
These can be used as a measure of cellular recovery following injury in response
to novel treatments, in addition to assessing their viability or metabolic activity.
Both PC-12 and SH-SY5Y cells have been subjected to damage by oxidative
stress to model one component of secondary injury, with the effect of therapeutic
molecules subsequently studied (Zheng et al., 2014, Feng et al., 2016).
Mechanical injury to SH-SY5Y, NG108-15, and HT-22 cells has also been
carried out, modelling the primary injury and the effect on neuronal cells. The
effects of exendin-4 on HT-22 cells damaged following stretch injury was
studied, with administration demonstrating both increased cell viability and
neurite outgrowth after injury (Rachmany et al., 2017). SH-SY5Y and NG-108
cells were both damaged by a pulse of pressure to mimic blast injury to study
the cellular effects on both cell types, and their sensitivity to blast. In that

particular study, SH-SY5Y cells were shown to be more sensitive to injury than
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the NG108-15 cells, determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay (Arun et al., 2011).

Primary cells can also be used to model injury pathways present in TBI. These
are closer to the cell types in vivo as they are not immortalised to form cell lines
(Kaur, 2012), however, they require the sacrifice of animals to obtain ex vivo
tissue to extract the cells. Cells are therefore less abundant and require ethical
considerations before use. To form these cultures, tissue is digested to remove
the ECM, and cells placed in culture. Astrocytes, glial cells, and neurons are the
most abundant cell types derived from ex vivo tissue. All three of these cell types
dissociated from the ex vivo tissue can be used to form co-culture models formed
to study the effect of injury or novel therapeutics on the different cell types
(Goshi et al., 2020).

Organotypic cultures in the context of TBI use thin slices of CNS tissue
maintained in culture to model injury. These slices have been used to study
neural circuits in whole brain slices, monitoring the interaction of the different
cell types in response to injury stimuli, as well as changes in metabolism and
phenotype of the cells (Humpel, 2015). Blast and stretch injuries have been
simulated directly on organotypic cultures (Hamilton and Santhakumar, 2020,
Morrison et al., 2006). A limitation of this culture method is that younger
animals are used for the preparation of the tissue slices, which can lead to
developmental bias in the results of the studies (Morrison et al., 2011). The
preparation of the CNS slices also causes damage to the tissue, which can lead

to exaggerated results.
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1.3.2. Injury types

Mechanical injury occurs as the primary injury in TBI and can be modelled in a
few different ways using cells in culture. Stretch models take cells cultured on a
flexible basement membrane and apply stretch to non-fatally damage them. This
simulates damage to axons seen when mechanical disruption to the brain results
in shearing and loss of connections. Commonly, the aim is to assess cellular
effects to identify potential therapeutic targets, or to assess novel therapeutics
for their ability to support the regrowth of neurites and reestablishment of neural

connections (Morrison et al., 2006).

Models have been established using organotypic cultures (Morrison et al., 2006),
where membranes supporting hippocampal slices were stretched over an
“indenter” to cause damage. SH-SY5Y cells have also been used in a similar
stretch model; cells were cultured on an elastic membrane and the stretch was
obtained using compressed air (Skotak et al., 2012). Damage can be measured

by loss of axons or neurites, cell death, or expression of damage markers.

Blast injury can be modelled by exposing cells in culture to gas pressure, or
liquid pressure. Both aim to increase pressure on the cells for a brief time period,
exposing them to similar membrane damaging forces to those experienced by
TBI patients (Hanna and Pfister, 2023). Zander et al. has simulated blast injuries
on both PC12 (Zander et al., 2015) and SH-SY5Y (Zander et al., 2016) cells
using pressure increases to model the blast. The pressure increases caused
increased membrane permeability in both cell lines, indicative of membrane
damage. Blast injuries have also been induced on organotypic cultures, with
injury severity similarly measured by detecting increases in membrane

permeability across experimental cultures (Campos-Pires et al., 2018).

Compression models directly compress cells in culture to cause damage, and
often aims to mimic the controlled cortical impact (CCI) and weight-drop animal
models (Hanna and Pfister, 2023) described in Table 1.2. 2D cultures are
essentially incompressible, therefore 3D cultures lend themselves better to
model compression injuries. The compression of the cultures leads to shear stress
being placed on cells as the 3D culture moves under pressure. Primary neuronal

cells in collagen gels have been subjected to controlled compression to study the
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effect on the cells in the following 24 hours to understand the morphological
changes to cells (Bar-Kochba et al., 2016). Human iPSCs forming cerebral
organoids within gelatine and agarose were subjected to a modified CCI within
a phantom brain in a mouse skull. This was compared to the injury carried out
in live mice. Reponses were comparable, although not all cell types within the
brain were present in the cerebral organoids (Ramirez et al., 2021). The
development of these models may reduce the reliance on animal studies to
advance the understanding of mechanisms in TBI.

Chemical damage models aim to simulate aspects of the secondary injury
pathway in TBI resulting from the primary injury. The SH-SY5Y cell line is
popular for use due to the ease of culture and neuron-like phenotype (Liu et al.,
2018). These models offer a simple tool to screen potential therapies against
damage due to particular mechanisms, before moving on to alternative models.
Oxygen and glucose deprivation models studying the effect of hypoxia and
reoxygenation in the presence or absence of glucose have been established,
concluding that the presence of glucose results in higher levels of apoptosis in
cells when oxygen is reintroduced (Serra-Prez et al., 2008). Hypoxia models
were also used to determine the effect of the presence of glutamate on
reoxygenation (Piccirillo et al., 2018).

SH-SY5Y cells are sensitive to damage by glutamate, and therefore offer a
simple model of excitotoxicity which can be used prior to animal investigations.
Extendin-4 was screened for protective effects in a glutamate SH-SY5Y model,
in which the cells were not differentiated. A protective effect was seen, which
translated into enhanced recovery when delivered to rats with a fluid percussion
injury (FPI) TBI (Eakin et al., 2013). Oxidative stress can be modelled using
SH-SYS5Y cells with the addition of H20.. Severity can be modelled based on
the concentration of H,O> added, with many opting for a concentration of less
than 200 uM and a milder injury (Liu et al., 2018).

1.3.3. Animal models

Due to the heterogeneity of TBIs, many animal models exist aiming to replicate
different injury pathways. Many of the models were initially developed in larger
animals such as pigs, cats, sheep, and dogs, but were later adapted for use with
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rodents (Xiong, 2013). This minimises the cost of housing the animals and

makes handling easier for researchers.

Testing in animal models is vital and offers the most complete view of efficacy
and safety before moving to human clinical trials, however many models are
severe and place suffering on animals, therefore their use needs to be carefully
considered. Some of the commonly used models are described in Table 1.2. Each
of the models aims to simulate human TBI caused by different mechanisms. The
blast induced TBI, seen in many military personnel, is caused by acceleration
and deceleration of the brain within the skull as a result of air pressure waves,
and may also be caused by ischaemia resulting from thorax injury (Bryden et al.,
2019). In contrast, penetrating injury causes tearing of tissue and blood vessels
within the cerebral cortex, resulting in a lesion containing dead cells and
bleeding (Xiong, 2013). In addition to the type of primary injury observed in
TBI differing with the different mechanisms of injury, the treatment will also
differ. When the injury causes haematoma reaching the critical sizes detailed in
section 1.1.4, surgery is required to remove and repair the damaged blood vessels
(Adams et al., 2016). Whereas if generalised oedema is present, resulting from
disruption to water and ion homeostasis as cells are damaged, ICP monitoring
and medical interventions to reduce pressure such as delivery of mannitol may

be more applicable (Galgano et al., 2017).

Some cell therapies incorporate the use of a scaffold to aid the repair of a lesion.
Guan et al. (2013) developed collagen scaffold for the delivery of MSCs and
used a CCI model as the impact to the exposed dura results in a localised lesion
which may benefit from the use of a scaffold to bridge the newly formed gap
(Guan et al., 2013). In contrast, the Marmarou weight drop model described
results in a diffuse injury, therefore a scaffold may not be necessary in the

absence of a lesion (Marmarou et al., 2009).
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Table 1.2 — A summary of the commonly used animal models of TBI, a brief outline of the model protocol, their relevance to injuries seen in
humans, and whether MSC have been investigated as a treatment using each model, including the outcome.

Fluid
percussion
injury
(FPI)

Controlled
cortical
impact
(can

Penetrating
ballistic-
like brain
injury
model
(PBBI)
Weight
drop -
Marmarou

Weight
drop -
Maryland

Fluid under pressure is used to compress the
brain. Saline reservoirs struck with a pendulum
cause pulses of pressure to the expose dura of the
animal (Lifshitz, 2009).

A mechanical device is used to cause injury to the
exposed dura. The size of the device, velocity and
impact depth are all measured, allowing for more
control over the injury (Osier et al., 2015).

Injury is caused by penetration of a projectile,
forming a cavity (Xiong, 2013).

A stainless-steel disc is placed on the exposed
skull of the animal, and a weight dropped onto
this (Marmarou et al., 2009).

Two offset rods attached to a cylinder are secured
to the rodent’s head to dissipate impact. A steel
ball weight is dropped along a track, which will
impact the front of the cylinder (Hayman et al.,
2018).

The model can be used to cause a midline or a lateral
injury (Kabadi et al., 2010) with similar
characteristic to haemorrhage and diffuse damage in
humans (Lyeth, 2016).

Originally developed to model road traffic collision
TBIs. Is now more broadly used as a standardised
model with controlled variables (Osier and Dixon,
2016).

The model is used to cause an injury similar to that
seen in humans resulting from a gunshot or other
penetrating object (Williams et al., 2006).

Aims to mimic the sort of injuries seen in patients
following a vehicle collision or a fall, causing a more
diffuse injury (Marmarou et al., 2009).

Aims to model the frontal impact with rotational
forces to more accurately reproduce the sort of injury
seen following vehicle collisions (Hayman et al.,
2018).

UC-MSCs have been delivered locally to the
injured brain by injection. This allowed Th17 T-
cells to differentiate into T-reg cells, reducing
inflammation and improving recovery (Chen et al.,
2022).

UC-MSCs have been delivered intracerebrally to
mice following a CCIl. Mice showed an early
neurological improvement compared to no
treatment, and this improvement over the control
group was seen one month following injury
(Zanier et al., 2011).

To the best of our knowledge, no studies to
investigate the use of MSCs in PBBI. NSCs have
been transplanted into rat PBBI models, with
engraftment of cells demonstrated (Spurlock et al.,
2017).

Intravenous  bone marrow  (BM)-MSCs
demonstrated migration to the injured brain and
improved functional recovery over the control after
14 days (Anbari et al., 2014).

The Maryland model was developed fairly recently
(2018) and therefore, to our knowledge, has yet to
be used to model recovery following MSC
delivery.
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drop -
Feeny’s

Weight
drop -
Shohami’s
Blast TBI
model

A craniotomy is performed to expose the dura and
a weight dropped directly onto this to cause
contusions (Feeney et al., 1981).

The skull is exposed, but no craniotomy
performed. A weight is then dropped onto the
skull to cause injury (Flierl et al., 2009).

Uses shock tubes to subject the animal to
shockwaves resulting from explosive detonation.
Often the animals are equipped with a Kevlar®
vest to protect the thorax from the blast (Xiong,
2013).

Feeny’s weight drop method causes a more localised
injury with a much smaller injury area, more
representative of injury resulting from a smaller
impact area in humans.

Aims to model a focal closed head injury (Khalin et
al., 2016).

Injury in humans result from pressure waves
impacting the body and head. It is thought damage
can occur directly to the brain as a result of
acceleration/deceleration of the brain within the
skull, and as a result of absorption of some of the
energy of the shockwave (Bryden et al., 2019).

Introduction

UC-MSCs were delivered locally within an
alginate/hyaluronic acid scaffold to injured rats.
An improved outcome was demonstrated, which
was enhanced in the presence of the scaffold
(Zhang et al., 2018).

To our knowledge, there have been no studies to
investigate the delivery of MSCs to animals
injured using Shohami’s weight drop model.

To our knowledge, there have been no studies
investigating the delivery of MSCs to animals
injured using the blast TBI model. However, the
secretome and conditioned media from has been
delivered to injured mice and shown positive
effects on retinal inflammation and visual deficits
(Jha et al., 2018).
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Many of the animal models summarised in Table 1.2 have been tested with the
delivery of MSCs with positive outcomes measured. The cells are commonly via
intravenous delivery or local injection (Schepici et al., 2020), however there are
other cell delivery routes available.

1.4. Cell delivery

Delivery of cells is often a trade-off between how invasive the process is, and
delivering cells locally to the site of injury, especially in the context of brain
injury. The BBB in the healthy state prevents the entry of many molecules and
cells into the brain (Daneman, 2015). Whilst essential for brain function, it
presents a large pharmacological barrier and can result in the costly loss of many

therapeutic cells if they fail to migrate into the brain.

Cell therapies require large numbers of cells, which require preparation in sterile
environments. Some applications present opportunities to use autologous cell
sources, or potentially an off-the-shelf source of cryopreserved cells, otherwise
a donor is required as a cell source (Hipp, 2008). The preparation of the cells is
an expensive process, therefore any opportunity to minimise the number of cells
required for the therapy should be exploited. Local delivery maximises the
number of cells delivered to the required site, thus minimising the number of
cells required, however safety and practicality must also be considered when

selecting the delivery route.

Safety has been demonstrated in animals and human trials for TBI, stroke, and
Parkinson’s disease using both NSCs and MSCs (Kabu et al., 2015).
Intravenously delivered cells are subject to pulmonary sequestration as they
become trapped in the narrow capillaries. It is estimated approximately 80% of
delivered cells become trapped in the lungs (Zhang et al., 2020). Therefore,
whilst MSCs have been shown to migrate to the brain, only a small proportion
will do so (Harting et al., 2009, Sohni and Verfaillie, 2013). Estimations vary:
Harting et al. (2009) estimated only 0.0005% of the intravenously delivered
labelled MSCs reached the rat brain (most became trapped in the pulmonary
capillaries) (Harting et al., 2009) whereas Jackson et al. (2010) estimated that
around 8% of the cells delivered intravenously reached the lesion (Jackson et al.,
2010), and Yoon et al. (2010) gave an estimate of 1.4% (Yoon et al., 2010).
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Therefore, the cell delivery method requires optimisation to avoid wasting
therapeutic cells and avoid the risk of pulmonary oedema associated with the

accumulation of cells in the lungs.

In terms of the number of cells delivered to the injury site, intraarterial has been
shown to be superior to intravenous delivery. However, in animals such as rats,
an increased morbidity is seen due to arterial blockages (Li et al., 2010a, Walker
et al., 2009). The safety concerns render this delivery route inappropriate for

human use.

Intrathecal delivery is also superior to intravenous in terms of the number of cells
delivered to the injury site. It is less invasive than local delivery, but still carries
more risk than intravenous delivery. This route is also limited by a high cerebral
spinal fluid (CSF) turnover rate and problems with cells settling in the
subarachnoid space (Boltze, 2015). Safety has been demonstrated using
intrathecal MSC delivery in human clinical trials with TBI patients (Wang et al.,

2013, Wang et al., 2017), but this route still relies on cell migration to the brain.

Intranasal delivery has been investigated in animal models by pipetting cells into
the nasal passage of rats. From there, they migrated through the cribriform plate
to the olfactory neural pathway and into the brain and CSF (Danielyan et al.,
2009). A high number of cells were trapped at the back of the nasal passage, but
some migrated and provided therapeutic benefit (Danielyan et al., 2009). BM-
MSCs labelled with green fluorescent protein delivered intranasally to mice with
brain lesions were found to neither survive nor migrate within the 7 day test
period (Chartoff et al., 2011). However, a study investigating the intranasal
delivery of NSCs to mice with experimentally induced autoimmune
encephalomyelitis did demonstrate positive therapeutic effects with migration of
the intranasally delivered cells (Wu, 2013). Intranasal delivery was compared to
intravenous, and in the latter group, very little migration or engraftment of cells
was observed. This delivery route may have issues arise from tolerability as
many cells may be lost if the patient were to sneeze. Dosing of cells would be

highly variable as a result.

Delivering cells directly to the site of injury has advantages in minimising cell

loss and wastage. This route is highly invasive for brain injury, however, it is
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estimated the around 10% of severely injured TBI patients will require some
form of surgery (Fong et al., 2017), presenting an opportunity for therapeutic
cells to be delivered. Cell transplantation for use in Parkinson’s disease relies on
the engraftment of delivered cells to replace degenerated dopaminergic neurons
to alleviate symptoms (Jang et al., 2020). Cells are directly injected into the
brain, with clinical trials showing some improvements in patient outcomes,
particularly in mild cases with a shorter disease duration (Jang et al., 2020).
However, injecting cells into the brain parenchyma can cause localised damage
and inflammation. Additionally, as MSCs act via the secretome rather than via
direct engraftment, topical application may be preferential. This has been
investigated using fibrin to retain cells at the delivery site, and beneficial effects
were seen in the rats with a TBI (Lam et al., 2013). Local delivery of cells to the
brain within hydrogel materials has also been investigated for the repair of stroke
lesions, with promising results shown (Lam et al., 2014, Zhong et al., 2010).
Using hydrogel materials to retain cells at the delivery site and to protect those
cells from the inflammatory environment may enhance the proportion of cells

delivered which can then be therapeutically beneficial.

Spray delivery of cells has been investigated, primarily for wound care and lung
delivery. Veazey et al. (2005) investigated an aerosol device for spraying bovine
fibroblasts, showing that a higher pressure and smaller nozzle size correlated
with lower cell viability (Veazey et al., 2005). Zhang et al. (2022) showed the
same correlation using UC-MSC, and also demonstrated that the cells retained
their capacity to differentiate into chondrocytes and adipocytes following
spraying (Zhang et al., 2022). Both of these studies used air pressure devices to
generate a spray, whereas the ReCell® spray kit uses a syringe-based device
(Wood et al., 2012). The kit aims to take skin from a patient donor, digest the
sample to obtain a cell suspension to spray onto the wound site to facilitate
repair. Only a 6% reduction in cell viability (75% to 69%) was observed
following spraying, showing the device could be used to deliver cells (Wood et
al., 2012). Mixed results in terms of efficacy have been published in clinical
trials, with some demonstrating enhanced recovery, and others not reaching

clinical trial emdpoints (Manning et al., 2022, Peirce and Carolan-Rees, 2019).
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Beneke et al. (2018) investigated the use of hyperosmolar solutions to shrink
cells prior to spraying from a pump spray device to maximise cell viability,
showing macrophages could be shrunk and viability and functionality retained
(Beneke et al., 2018). MSCs have also been investigated for lung delivery via an
endoscopic aerosolization device, with cells maintaining their MSC phenotype
and viability (Thiebes et al., 2021). These experiments show that spraying viable
cells can be achieved using a range of different spray devices.

Delivering therapeutic cells by spraying may also be suitable for local delivery
of cells to the injured brain. However, due to the uneven surface of the brain and
the likelihood of sprayed droplets of cells running across the surface of the brain
leading to a heterogeneous distribution, a carrier material may be necessary to

retain cells at the site of injury.

1.5. Materials for cell delivery

Hydrogels are attractive for use in cell delivery, tissue engineering, and 3D cell
culture. They are 3D polymeric networks with a significant proportion of water
in the structure (Ahmed, 2015). Numerous materials have been investigated as
scaffolds to aid recovery in TBI (Collins et al., 2022), for example transplanting
cells within collagen hydrogels has demonstrated superior neurological
outcomes in an ischemic rat model (Yu et al., 2010), and cells transplanted
within a hyaluronan and heparin based hydrogel showed enhanced survival of
the therapeutic cells and a reduction in inflammation, in an ischemic rat model
(Zhong et al., 2010). However, to be suitable for cell delivery by spraying (for
use in this thesis), the material must demonstrate properties such as shear-
thinning or in situ gelation to have a low enough viscosity to be sprayed.
Therefore, an extensive review of materials investigated for TBI is not provided
here but is discussed by Collins et al. (2022).

The Tisseel device combines fibrinogen and thrombin to form fibrin (which must
be kept separate to prevent premature gel formation) and can be applied by
spraying. This has been investigated in combination with cells for possible
wound healing applications. Using human adipose stromal vascular cells,
differentiation and proliferative potential of the cells was retained after spraying

with the Tisseel device (Zimmerlin et al., 2013). Keratinocytes have been
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sprayed using this fibrin system, demonstrating viability and proliferation of
cells (Harkin et al., 2006), and wound healing has also been demonstrated when

MSCs are sprayed with fibrin onto human wounds (Falanga et al., 2007).

A sprayable gellan-based material for the spray delivery of fibroblasts to the skin
was studied for retention of the cells at the delivery site. A slight reduction in
cell viability was seen following spraying, but this was not statistically
significant compared to the not sprayed control, showing that spraying within a
material is an option to prevent droplets running away from the delivery site (ter
Horst et al., 2019). Thermo-responsive hydrogels with a sol-gel temperature of
37 °C, such as some polyethylene glycol (PEG) gels (Klouda et al., 2008) may
be suitable for spraying. However, they could also present issues when using
cells maintained in culture at 37 °C, as if the temperature is not tightly controlled,

blockage of the spray device could occur.

Alginate is commonly used in regenerative medicine and as a scaffold for 3D
cell culture as it demonstrates biocompatibility (Szekalska et al., 2016). Alginate
gels with the addition of divalent Ca?* ions (Andersen et al., 2015), and forms a
solution prior to gelation, presenting the opportunity for it to be sprayed. Pectin
is similar to alginate in terms of the structure and gelation by Ca?* (Cao et al.,
2020), however pectin is more sensitive to gelation by Ca?* (Zhang et al., 2019).
Calcium is found endogenously in the brain, which could be sufficient to induce
gelation in situ. Pectin has a history of biocompatibility (Hartman, 1943),
including in the brain (McCrorie et al., 2020). In addition, pectin has
demonstrated some anti-inflammatory properties (Hu et al., 2020a) which could
aid in the treatment of TBI.

1.6. Pectin

Pectin is a naturally occurring saccharide-based polymer obtained from fruits. It
forms a network within the cell walls of plants and plays a role in modulating
the physiology, growth, development and defence functions within plants
(Willats et al., 2001). Pectin is extracted from fruits, most commonly citrus and
apple, which can be obtained from the waste of the juicing industry. Pectin has
been used for a number of years in a range of industries and applications. Some

of these are summarised in Table 1.3.
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Table 1.3 — Summary of the applications of pectin over time.

Food and Used as a thickener in many food (Olsen, 1933, Olsen, 1939)
drink and drink products, most notably

production in jam.

Diarrhoea Investigated and used to treat (Winters, 1939)

treatment cases of infant diarrhoea.

Wound Believed to prevent infection (Maclay et al., 1944, Olsen,
treatment and enhance healing of wounds.  1940)

Haemorrhagic
shock

Drug delivery

Used as a blood substitute to
prevent death from catastrophic
blood loss.

Many investigations for drug
delivery applications, including
colon targeting, buccal delivery,
microparticle formulation, and
an excipient in tablets.

(Hartman et al., 1941,
Hartman, 1943, Hartman,
1951)

(Joseph, 1995, Munijeri et al.,
1997, Watts and Smith, 2009)

Weight Used to satiate patients and (Tiwary et al., 1997, Doherty
management  investigated for stabilising blood and Jackson, 1992)

sugar.
Tissue Cell encapsulation studies for Encapsulation: (Neves et al.,
engineering cell delivery and bone 2015, Gentilini et al., 2018)
and cell regeneration have been carried Tissue engineering:
delivery out, showing pectin could be a (Murugan Sumathra et al.,

viable material.

2017, Zhao, 2016,
Prasanna Mallick et al., 2018)

The exact chemical structure of pectin is dependent on the fruit source, fruit age,
extraction method, and post-extraction processing (Gawkowska et al., 2018).
Galacturonic acid is the most abundant sugar found within pectin; to be classed
as pectin, it must contain at least 65% galacturonic acid according to the Joint
FAO/WHO Expert Committee on Food Additives and the European
Commission (Commission, 2012). This distinguishes pectin from other
polysaccharide substances found in certain fruit cell walls, such as proto-pectin,

amylopectin, or cellulose (Voragen et al., 2009).

Homogalaturonan (HG), rhamnogalaturonan-I (RG-1) and rhamnogalatuonan-II
(RG-11) are the three most abundant domains found in pectin (shown in Figure
1.5). HG accounts for approximately 60% of the structure of pectin (Lara-
Espinoza et al., 2018). Other domains are found in lesser amounts including
xylogalacturonan containing xylose residue side chains, arabinan with arabinose
side chains, arabinogalactan-I, and arabinogalactan-11, both containing galactose

residue side chains (Voragen et al., 2009).
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Figure 1.5 — The structure of rhamnogalacturonan-I, homogalacturonan and rhamnogalacturonan-I1. Adapted from (Minzanova et al., 2018) and

(Gawkowska et al., 2018).
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RG-1 is made up of repeating units of a-1,2-L-rhamnose-a-1,4-D-galacturonic
acid. RG-I is branched as the L-rhamnose can be substituted on the O-4 position
by neutral sugars such as arabinose and galactose, enabling side chain formation
shown in Figure 1.5 (Lara-Espinoza et al., 2018). RG-II is highly conserved in
the plant kingdom and has the most complex structure of all the domains within
pectin (Voragen et al., 2009). It contains four branches with a total of 13 different
glycosyl residues with over 22 glycosidic linkages (Bar-Peled et al., 2012).
Homogalacturonan is a linear, unbranched chain consisting of a-1,4-linked D-

galacturonic acid.

A B C

'COOH
| w%

Figure 1.6 — Galacturonic acid structure of pectin without methyl esterification
or amidation A, with methyl esterification B, and with amidation C. Residues
are linked by an a-1,4-glycosidic link.

Residues can be methyl esterified or amidated at C-6 (shown in Figure 1.6B and
C respectively) (Noreen et al., 2017). The number of galacturonic acid residues
that have been methyl esterified on the C-6 position (shown in Figure 1.6B) is
measured as the degree of methylation (DM) and shown as the percentage of
these -COOCH:;3 groups relative to -COOH (Claude H. Hills, 1945, Sriamornsak,
2003). Broadly, pectin is classed as high methoxyl pectin (HMP) with >50%
methylation and low methoxyl pectin (LMP) with <50% methylation (D. May,
1990). The degree of amidation (DA) is also shown as a percentage of amidation
at the C-6 position. Both modifications are shown in Figure 1.6 and have

implications for the gelation properties (Gawkowska et al., 2018).
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1.6.1. Gelation

As mentioned, hydrogels are 3D polymeric networks of chemically (covalent
bonds) or physically (non-covalent interactions) cross-linked polymeric chains
containing at least 70% (but can be over 99%) water (Li and Mooney, 2016).
Physical hydrogels can be cross-linked by a range of interactions such as
hydrogen bonds, VVan der Waals forces, and electrostatic interactions. Formation
of such hydrogels is often triggered by temperature, pH or ionic interactions and
can be reversed (Ullah et al., 2015a).
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Figure 1.7 — Schematic of the ‘egg box’ structure with LMP chain interactions
with calcium A and the specific interactions with the carboxylic acid groups on
galacturonic acid residues and calcium ions B.

B

Pectin forms a physically cross-linked hydrogel, however the gelation method
of HMPs and LMPs are different due to the differing degree of free carboxylic
acid groups. LMP forms a hydrogel in the presence of divalent cations, such as
calcium, due to the higher availability of carboxylic acid groups. These groups
on the galacturonic acid chains interact due to opposite charges with calcium
ions, forming an ‘egg box’ structure of cross-linked chains shown in Figure 1.7.
This was determined by Grant et al. in 1973 (Grant, 1973). This gelation method
may be more useful for tissue engineering, cell delivery, and drug delivery uses.
HMP does not cross-link in the presence of calcium but is temperature sensitive

and requires >50% soluble solids (such as sugar) present for gelation to occur.
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For this reason, HMP is largely used in the food and drink industry as a thickener

or gelling agent.

The DA has an impact on the stiffness and resistance to degradation of the gel
formed, particularly in LMPs. A higher DA allows for more hydrogen bonds to
form which cross-link the chains, reducing the requirement for divalent cations
(Guillotin et al., 2007). A higher DA also increases the solubility of the pectin,
allowing for quicker dissolution (Belkheiri et al., 2021). When considering the
breakdown of pectin hydrogels, pectin gels can begin to dissolve, and pectin
chains can degrade non-enzymatically by PB-elimination. This occurs more

readily at higher pH (>6) and is shown in Figure 1.8 (Diaz et al., 2007).
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Figure 1.8 — Schematic of the B-elimination reaction which results in the
breaking of the o 1,4-glycosidic link between galacturonic acid residues,
depolymerising pectin.

The properties of LMP gels are not only influenced by the DA and DM
(influenced by fruit age and source), but also the molecular weight. A higher
molecular weight results in a more viscous pectin solution and stiffer gel
formation due to more cross-linking interactions between pectin chains. MW is
largely determined by the selection of fruit from which pectin is extracted
(Gawkowska et al., 2018). Banana peel pectin ranges from 87-248 kDa, whilst
lime citrus pectin is 342.7 kDa (Dranca and Oroian, 2018). Citrus fruit and
apples are the most abundantly used sources, providing a high yield and high
galacturonic acid content. The DM usually obtained immediately following
extraction using citrus fruit is around 70%, due to both the esterification of pectin
natively within the plant cells as fruit ripens and the extraction process itself.

Other fruits and the age of the fruit will influence the DM.
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1.6.2. Past uses

During the Second World War, due to the increased incidence of traumatic
injury, pectin was investigated for use as a plasma expander to treat
haemorrhagic shock. Pectin was proposed as a blood substitute as it was believed
to be non-antigenic, osmotically balanced, and large enough to be retained in the
circulation. Hartman investigated the use in a total of eight animal studies,
demonstrating excretion in the urine, no retention in the liver, and efficacy in a
blood loss model (Hartman et al., 1941). The first human patient, a female
receiving treatment for breast metastases, demonstrated safety and efficacy.
Blood pressure was elevated or maintained in all subsequent patients included in
the study, so pectin was deemed a suitable treatment for haemorrhagic shock
(Hartman, 1943). The uptake of material by Kupffer cells of the liver, endothelial
cells of the spleen, glomerular cells of the kidney, and alveolar cells of the lungs
following intravenous pectin injections was later demonstrated. It was not
deemed to be toxic to cells and was excreted renally (Popper, 1945). Studies
demonstrated that autoclaving to shorten pectin chain lengths reduced retention
in cells (Hartman, 1951), but ultimately blood banking meant pectin was no
longer used as a plasma expander. However, it is important to note that the
application of pectin as a plasma expander provided valuable toxicity

knowledge.

1.6.3. Tissue engineering
Pectin demonstrates biocompatibility, simple conditions for hydrogel formation,
and groups such as carboxylic acid which can be modified to alter the properties,

making it a promising material for tissue engineering and cell delivery.

The selection of pectin grades (amidated or non-amidated, degree of
methylation, and fruit source) can influence the resistance of pectin hydrogels to
degradation, and the strength of the gel formed (Gawkowska et al., 2018). It is
known these can be influenced by both the pectin concentration and calcium
concentration, however, less seems to be known about the effect of amidation
and methylation (beyond the classification as LMP) on degradation profile and
gel strength in the context of tissue engineering. Very few studies have been
conducted on pectin alone as a hydrogel for tissue engineering as it has no

attachment sites for cells. To overcome this, two studies have investigated
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carbodiimide chemistry to attach an RGD (arginine-glycine-aspartate) peptide
to the pectin, to enable cell adherence. The first (Munarin et al., 2012a) showed
viability using a MC3T3-E1 preosteoblast cell line. The second (Neves et al.,
2015) demonstrated viability of MSCs in unmodified pectin, however their
phenotype was more rounded than in the RGD-pectin. This study used CaCOs
as the calcium source to form a gel as the calcium is released more slowly,

leading to a more homogeneous gel forming.

The CaCOs method of gelation was also used by Gentilini et al. (2018) when
they studied the effect of adding glucose and glutamine to the pectin hydrogels
(without RGD functionalisation) when used with L929 mouse fibroblasts.
Gentilini et al. found 90-98% viability over 7 days in all the pectin formulations,
with softer gels more resistant to degradation forming in the presence of glucose

and glutamine (Gentilini et al., 2018).

The addition of pectin into a formulation used to encapsulate islet cells designed
for transplant into diabetic patients showed a reduction in damage associated
molecular patterns (DAMP)-induced toll-like receptor-2 mediated immune
response following the addition of LMP into the microcapsule formulations. The
islets showed long-term survival and efficacy in diabetic mice (Hu et al., 2020b).
Others have also reported anti-inflammatory effects of pectin, with a reduction
in the secretion of pro-inflammatory cytokines observed following pectin
administration to peripheral blood cells in culture (Hertzel Salman et al., 2008).
When given as a dietary supplement to mice, both local and systemic
inflammatory responses were lessened, which was more pronounced when LMP
was used (Popov et al., 2013, Lim et al., 2003).
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1.7. Thesis hypothesis

It was hypothesised that pectin is a suitable material for human MSC delivery
for TBI treatment, and that spraying cells suspended in a pectin solution is a
suitable local delivery method. As pectin gels in the presence of calcium, which
is found endogenously in the brain, it could be sprayed as a solution and form a
gel when in contact with the brain parenchyma. As dysregulation of calcium
homeostasis is a feature of secondary injury in TBI, pectin may have beneficial
effects on reducing the extracellular calcium and restoring homeostasis. Pectin
has also demonstrated anti-inflammatory properties, which may enhance the

anti-inflammatory effects seen by the delivery of MSCs.
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1.8. Thesis aims and objectives

The aim of this project was to evaluate the effect of spraying within pectin
solutions on human MSCs and determine if this could be a suitable method for
local delivery of cells. Different grades of pectin were tested to determine
suitability for use in spray delivery. Spray delivery was optimised first with the
3T3 mouse fibroblast and SH-SY5Y human neuroblastoma cell lines, before
spraying human MSCs in pectin and characterising the effect of spraying on their

phenotype and gene expression.
The project objectives were as follows:

e Characterise the physical properties of four grades of pectin, including
viscosity, gelation in various diluents, and biocompatibility (Chapter 3)

e Characterise the effect of spraying cells in pectin by measuring impacts
on cell viability, phenotype, and gene expression (Chapter 4)

e Assess the effect of MSCs sprayed in pectin on simple in vitro TBI

damage models (Chapter 5)
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Chapter 2 Materials and methods

2.1. Materials

Table 2.1 — Materials and equipment, and the supplier.

0.1M sodium hydroxide solution
1 mL syringe

5kg load cell for Texture Analyser
Accutase®

Anton Paar Modular Compact
Rheometer 302

BD Plastipak™ 1 mL Leur Slip
Syringe

Calcium chloride anhydrous
CyQUANT™ |DH Cytotoxicity
Assay

Dulbecco's Modified Eagle
Medium

Dulbecco’s phosphate buffered
saline

Dimethyl sulphoxide (DMSO)
Eppendorf centrifuge

Flow cytometer

Foetal bovine serum
Fourier-transform infrared
spectrophotometer

Freeze drier

Gentamicin

Ham's F12 Nutrient Mix
Industrially methylated spirit
LIVE/DEAD™
Viability/Cytotoxicity Kit, for
mammalian cells

MAD Nasal™ Intranasal Mucosal
Atomization Device
Mesenchymal Stem Cell
Adipogenic Differentiation
Medium

Mesenchymal Stem Cell Growth
Medium 2

Mesenchymal Stem Cell
Osteogenic Differentiation
Medium

Minimum Essential Medium Eagle
MSCGM™ Mesenchymal Stem
Cell Growth Medium BulletKit™
NanoDrop™ spectrophotometer

Sigma Aldrich, 1310-73-2
Hanke Sass Wolf

Stable Micro Systems

Sigma Aldrich, A6964-100ML
Anton Paar

Fisher Scientific, 15489199

Scientific Laboratory Supplies
ThermoFisher Scientific, Invitrogen
C20301

Gibco, 11965092

Sigma Aldrich, D8537-1L

Sigma Aldrich

Eppindorf 5430

Beckman Coulter, CytoFLEX S
Sigma Aldrich, F9665

Agilent Cary 630 FTIR
Spectrophotometer

Biopharma

Sigma Aldrich, G1397

Gibco, 11765054

Fisher Scientific

ThermoFisher Scientific, Invitrogen
L3224

Teleflex

PromocCell, C-28016

PromoCell, C-28009

PromocCell, C-28013

Gibco, 11095080
Lonza, PT-3001

ThermoFisher Scientific



NIH 3T3 mouse fibroblasts

Non-essential amino acids

Norit SX Plus CAT activated
charcoal

Pectin Classic CU-701

Pectin Classic CU-L 094/19
Pectin GENU LM 102 AS

Pectin GENU LM 104 AS
Penacillin/streptomycin
Phosphate buffered saline tablets
Pierce™ BCA protein assay kit
Pierce™ Chromogenic Endotoxin
Quant Kit

PrestoBlue™ HS Cell Viability
Reagent

Primary human mesenchymal
stem cells

Rheometer 25 mm measuring cone

Rheometer 25 mm measuring
parallel plate

RNeasy® plus mini Kit
SH-SY5Y human neuroblastoma
cells

Sodium Chloride

Sterile cell strainer (0.7 pm)
Syringe Filter (0.22 and 0.45 pm)
Merck Millex™ PES

TA HD Plus Texture Analyser
Tecan infinite 200Pro plate reader
Tecan Spark 10M plate reader
Trypsin/EDTA

Materials and methods

Kindly gifted from RMCT division,
School of Pharmacy

Gibco, 11140035

Sigma Aldrich, 7440-44-0

Herbstreith and Fox

Herbstreith and Fox

CP Kelco

CP Kelco

Gibco, 15070063

Sigma Aldrich, P4417
ThermoFisher Scientific, 23227
ThermoFisher Scientific, A39552

ThermoFisher Scientific, Invitrogen
P50200
Lonza, PT-2501

Anton Paar, part #79038, serial
#12205

Anton Paar, part #79044, serial
#37100

Qiagen, 74134

European Collection of
Authenticated Cell Cultures,
94030304

Sigma Aldrich, S9888
Fisherbrand, Fisher Scientifc
Fisher Scientific

Stable Micro Systems
Tecan

Tecan

Gibco, 11590626
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2.2. Pectin purification

The following grades of pectin were used and kindly gifted from the suppliers
stated.
Table 2.2 — Supplier for each grade of pectin used, the degree of methylation

(DM), the degree of amidation (DA) and the pH of pectin dissolved in water at
concentrations stated.

Herbstreith and  Classic CU-701 37% - 3.4 (1% solution)

Fox Classic CU-L 28% - ~4 (1% solution)
094/19

CP Kelco GENU LM 102 AS 30% 19% 4-5 (1% solution)

GENU LM 104 AS 27% 20%  4-5 (1% solution)
Pectin was added to deionised H>O to form a 1% w/v solution. Pectin was stirred
using a magnetic stir bar and hot plate set to 70 °C at 400 rpm until observed to
be fully dissolved. The solution pH was adjusted to ~6 using 0.1 M NaOH
(Sigma). Once cool, 2% wi/v activated charcoal (Norit SX Plus Cat, Sigma) was
added and stirred at 400 rpm for 1 hour at room temperature. Pectin solution was
added to microcentrifuge tubes (1.7 mL) and spun at 19,500 g for 45 minutes.
The supernatant was removed and pooled, before being added to microcentrifuge
tubes and spun again at 19,500 g for 30 minutes. Supernatant was removed and
filtered through 0.22 (LM-102, LM-104 and CU-L) or 0.45 pm (CU-701)

syringe filters before being freeze dried. Pectin was stored at -20 °C until use.

2.2.1. Bicinchoninic acid (BCA) protein assay

Samples were prepared by dissolving pectin (0.5% w/v) in 1XxPBS. The protein
assay was carried out using the Pierce™ BCA protein assay kit (ThermoFisher
Scientific) following the microplate protocol. The working reagent was prepared
by mixing 50 parts reagent A with 1 part reagent B. The bovine serum albumin

(BSA) standard curve was prepared using the recommended dilutions as follows:

40



Materials and methods

Table 2.3 — Dilution scheme for microplate protocol (working range 20-2,000
Hg/mL)

A 0 300 of stock 2000

B 125 375 of stock 1500

C 325 325 of stock 1000

D 175 175 of vial B 750

E 325 325 of vial C 500

F 325 325 of vial E 250

G 325 325 of vial F 125

H 400 100 of vial G 25

| 400 0 0 = Blank

25 pL of each standard or sample was pipetted into a 96-well plate (Costar 96
flat transparent) in duplicate. 200 pL of working reagent was added to each well
and the plate was mixed by tapping for 30 seconds. The plate was then covered
and incubated at 37 °C for 30 minutes. The absorbance was read at 562 nm, as
per the manufacturers protocol (Tecan Spark 10M, application SparkControl).
To calculate the protein content of each sample, the blank reading was subtracted
from each standard or sample. Absorbance was plotted against BSA
concentration (R? >0.99), and the line gradient used to calculate sample protein
content. Protein concentration was converted to pg/mg of pectin. The pectin
concentration was 0.5% w/v or 5 mg/mL, therefore calculated values were
divided by 5. The working range of the standard curve was converted from 25-

2000 pg/mL to 5-400 pg/mg of pectin.

2.2.2. Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was carried out using the
Agilent Cary 630 FTIR Spectrophotometer. Solid samples were placed on the
clean crystal and a full spectrum scan from 650-4000 cm™ was carried out in
attenuated total reflectance (ATR) mode. Results were plotted with the

transmittance on the y-axis.
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2.3. Pectin rheology

2.3.1. Qualitative pectin gelation screen

Pectin solutions were prepared at 2%, 1.5% or 1% w/v concentrations in dH20,
1xPBS or 0.9% NaCl. pH of 1xPBS and 0.9% NaCl pectin solutions were
measured. Solutions were then split in half, and half were adjusted to pH 7.4
with 0.1 M NaOH. 50 uL of each solution was pipetted onto a glass microscope
slide with 10 pL of varying concentrations of CaCl, solution on to induce
gelation. Gel strength was physically assessed using a pipette tip and inversion,

then scored on a scale of 0 to 5, as follows:
0 = No gel
1 = Increased viscosity, no gel formed

2 = Some gelation but will not hold shape

3 = Weak gel
4 = Soft gel
5 = Firm gel

The effect of different diluents and pH on gel strength were also assessed. Pectin
solutions were then sprayed using the MAD sprayer onto microscope slides with

10 pL CaClz on, and gel strength was assessed and scored again.

The concentrations of calcium chloride solutions were as follows and

corresponds to a final calcium concentration as stated.

Table 2.4 — Calcium chloride concentrations in solution and in pectin gels.

1 0.17
2 0.33
5 0.83
10 1.67
25 4.17
50 8.33
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2.3.2. Viscosity

The cone and plate measurement system were used on the Anton Paar Modular
Compact Rheometer 302. The plate was set to 25 °C for measurements, and a 25
mm cone used (part #79038, serial #12205, 24.972 mm diameter, angle 1.002 °).

25 readings were taken with measurement times ranging from 1-25 s. These
measurement times increased logarithmically. The measurement gap between
the plate and cone was set to 0.051 mm. RheoCompass™ software was used to
set the measurement parameters and record data. Pectin solutions were prepared

in 1XPBS and adjusted to approximately pH 7.4 at 1% w/v.

2.3.3. Amplitude sweep

The parallel plate measurement system was used on the Anton Paar Modular
Compact Rheometer 302. The plate was set to 37 °C for measurements and gel
preparation. 25 mm parallel plate was used (part #79044, serial #37100, diameter
24.981 mm). Measurements were set to ramp logarithmically from 0.01% to
100% strain with 25 measurements recorded at a frequency of 10 rad/s. The

measurement gap was set to 0.525 mm.

Before measurements, gels were formed on the plate by adding 60 pL of 50 mM
CaCl> solution and spreading it to cover the entire measurement area. Next, 300
ML pectin solutions were added (final concentration of 1% wi/v dissolved in
1xPBS, CaCl concentration following pectin addition was 8.33 mM). Parallel
plates were moved to the set measurement gap and a 3-minute hold preceded

measurements to equilibrate gel temperature.

2.3.4. Young’s modulus measurement

Young’s modulus was measured using the texture analyser (Trevor, TA HD+,
Stable Microsystems). Pre-test speed was set to 2 mm/s, with the trigger force

set to 0.25 N. The test speed was 0.5 mm/s, and the target was 50% strain.
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2.4. Cell culture and passaging

2.4.1. NIH 3T3 mouse fibroblasts

NIH 3T3 mouse fibroblasts were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% foetal bovine serum (FBS) and 1%
antibiotic/antimycotic. Cells were incubated at 37 °C with 5% CO; in T75 tissue

culture treated flasks.

Cells were passaged when they reached approximately 80% confluency. Media
was removed, cells were washed with 1XxPBS and 3 mL trypsin/EDTA (TE) was
added to remove cells from the flask. Cells were incubated for 5 minutes at
37 °C, before neutralising TE with 7 mL media. The cell suspension was
transferred to a 15 mL falcon tube and spun at 200 xg for 5 minutes. Supernatant
was removed and the pellet was resuspended in 10 mL fresh media. 1 mL of the
cell suspension was transferred into a new T75 flask containing 9 mL of pre-

warmed media for a 1:10 split. This was carried out every 3-4 days.

2.4.2. SH-SY5Y human neuroblastoma cells

SH-SY5Y human neuroblastoma cells were cultured in Minimum Essential
Media (MEM):Ham’s F12 Nutrient Mix (1:1) supplemented with 10% FBS, 1%
non-essential amino acids, and 1% antibiotic/antimycotic. Cells were incubated
at 37 °C with 5% CO2 in T75/T225 tissue culture treated flasks.

Cells were passaged when they reached approximately 80-90% confluency.
Media was removed, cells were washed with 1xPBS and 3 mL trypsin/EDTA
(TE) was added to remove cells from the flask. Cells were incubated for 3
minutes at 37 °C, before neutralising TE with 7 mL media. The cell suspension
was transferred to a 15 mL falcon tube and spun at 200 xg for 3 minutes.
Supernatant was removed and the pellet was resuspended in 10 mL fresh media.
1 mL of the cell suspension was transferred into a new T75 flask containing 9

mL of pre-warmed media for a 1:10 split. This was carried out every 7 days.

2.4.3. Human mesenchymal stem cells

Mesenchymal stem cells were purchased from Lonza and supplied at passage 2.

Biological repeats in experiments were carried out using three separate human
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cell donors of different ages and sex. Cell donor information supplied by Lonza

is shown in Table 2.5.

Table 2.5 — Donor number, age, and sex of donors of hMSCs.

26000 20 Male
27519 21 Female
33357 28 Male

Cells were thawed into the MSCGM™ Mesenchymal Stem Cell Growth
Medium BulletKit™ from Lonza, containing foetal bovine serum, L-Glutamine,
and gentamycin (GA-1000). To thaw the MSCs, 10 mL basal media was added
to a T75 flask and allowed to reach 37 °C in the incubator for 30 minutes. The
vial of cells, containing >750,000 cells, was removed from liquid nitrogen and
rapidly thawed in the water bath set to 37 °C. When only a sliver of ice remained
in the vial, the outside was wiped down with 70% IMS and the entire contents
was added to the pre-warmed flask of media. The cells were incubated at 37 °C
with 5% CO2 in T75 tissue culture treated flasks. The media was changed after
24-hours to remove any residual freezing media. A cell stock was prepared at
passage 3 when cells reached 90% confluency. For subsequent culture,

PromoCell Mesenchymal Stem Cell Growth Medium 2 was used.

Cells were passaged when they reached approximately 80% confluency. Media
was removed, cells were washed with 1xPBS and 3 mL trypsin/EDTA (TE) or
3 mL Accutase was added to remove cells from the flask. Cells were incubated
for 5 minutes at 37 °C before checking cells were detached. If cells were >90%
detached, TE was neutralised with 7 mL media. If cells were <90% detached,
they were left for a further 3 minutes before checking again. This was repeated
until >90% cells were detached but the total time cells were in contact with TE
did not exceed 15 minutes. If using Accutase, once cells had detached, 7 mL
1xPBS was added to the flask to dilute. The cell suspension was transferred to a
15 mL falcon tube and spun at 450 xg for 5 minutes. Supernatant was removed
and the pellet was resuspended in 2 mL fresh media. Cells were counted on a
haemocytometer to determine cell density. Cells were then reseeded in a fresh
T75 flask between 300,000-500,000 cells/mL. Media was changed every 2-3
days between passaging. Cells did not exceed passage 6 before use for syringing

and spraying experiments.
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Cell stocks were prepared by removing the supernatant from the cell pellet and
adding freezing media. Freezing media was prepared by adding 10% DMSO to
cell culture media. Cells were frozen at 300,000-500,000 cells per vial. After the
addition of freezing media, vials were added to insulated freezer containers and
placed in a -80 °C freezer for >24 hours, before adding the cells to the liquid

nitrogen storage.

2.5. Cell counting and health/viability testing
2.5.1. Cell counting

Cell density was calculated following counting using a haemocytometer. 10 pL
of cells were loaded under the coverslip on a haemocytometer. Cells were
counted in the four corner sections and the following formula used to calculate

approximate cell density:

total cell count

Cell density (cells/mL) = 2 %X 10,000

2.5.2. PrestoBlue metabolic activity assay

PrestoBlue (Invitrogen, ThermoFisher Scientific) metabolic activity assays were
carried out according to the manufacturers protocol. 10x PrestoBlue solution was
diluted 1:10 PrestoBlue:media. Media was then removed from test wells, and

diluted PrestoBlue added, including a blank well containing no cells.

Plates were incubated for approximately 60 minutes at 37 °C. After incubation,
aminimum of 75 pL of media was transferred in triplicate to black 96-well plates
(Costar 96 Flat Bottom Black Polystyrene Cat. No.: 3991/3650/3916/3915/3925)
for fluorescence reading (Tecan infinite 200Pro plate reader), excitation 550 nm,

emission 590 nm.

The average relative fluorescent unit (RFU) readings for no-cell (media) control
wells were subtracted from test well values. VValues were then normalised to the
untreated control wells using the following calculation to work out the metabolic

activity as a percentage of the controls:

Metaboli tivity % = Test well RFU x 100
etabottc activity 7o = Untreated control well RFU

46



Materials and methods

The PrestoBlue assay is not a true measure of viability, instead being an indirect
indicator based on the metabolic activity of the treatment cells compared to the
control cells. PrestoBlue is a resazurin based dye. When cells are metabolically
active, as they are when still alive, they are able to reduce the dye, causing the

following reaction:

o NADH NAD™
N? N
HO (0] (0] HO (0] (e}
Resazurin Resorufin

Figure 2.1 — The reduction of resazurin to resorufin, the vital dye found in
PrestoBlue.

Resorufin is fluorescent and can therefore be measured and quantified. The
metabolic activity can be calculated as a relative percentage of the control and
indicates the health of the cells.

2.5.3. Lactate dehydrogenase (LDH) assay

CyQUANT™ [ DH Cytotoxicity Assay (Invitrogen, ThermoFisher Scientific)
was carried out according to the manufacturers protocol. Cells were plated as
follows in triplicate: spontaneous LDH activity cells were left untreated to
measure the spontaneous release of LDH from cells. Maximum LDH activity
cells were incubated overnight, then 10x lysis buffer to well 45 minutes before
sampling wells for assay (10 pL to 100 puL well volume). The treated sample

wells were the test cells, either sprayed into the wells, or treated with pectin gels.

At the desired timepoint, 50 pL was transferred into 96-well flat-bottomed
plates. 50 puL of the Reaction Mixture (containing the reaction components
shown in Figure 2.2) was added to each sample, and the plate incubated at room
temperature for 30 minutes protected from the light. 50 pL of Stop Solution
(containing acetic acid) was then added and the absorbance measured at 490 nm
and 680 nm.

If LDH is present, the following reaction will occur to form formazan.

47



Materials and methods

Damaged cells

>

Pyruvate " NADH INT
‘/< }h » LDH | | Diaphorase
\ / Lactate NAD+ & —* Formazan

=

Figure 2.2 — Schematic of the reaction taking place in the presence of LDH
(Invitrogen, 2023).

The LDH activity was determined by subtracting the 680 nm absorbance reading
from the 490 nm reading for each sample. The % cytotoxicity was calculated

using the following formula:

% cvtotoricit Treated sample well — Spontaneous LDH activity % 100
cytotoxic =
0y ety Maximum LDH activity — Spontaneous LDH activity

2.5.4. Live/Dead staining

Live/Dead staining of cells was carried out using the LIVE/DEAD
Viability/Cytotoxicity Kit for Mammalian Cells (Invitrogen, ThermoFisher).
Stain was prepared by adding calcein AM at a dilution of 1/5000, and ethidium
homodimer-1 at a dilution of 1/1000 to DPBS. NucBlue™ Live ReadyProbes™
Reagent (Hoechst 33342) (ThermoFisher) was also added at a concentration of
1 drop per mL to stain DNA. The plate of cells being analysed was then spun
down at 100 xg for 1 minute, and the media carefully removed to retain detached
dead cells. Stain was then added to wells at an equal volume to the volume of
media (eg. 100 pL per well in 96-well plate). The plate was incubated at room

temperature for 10 minutes before imaging.

2.6. Imaging and image analysis using FI1JI

An image of a representative area of the well was taken on the 4x magnification
lens using brightfield, and the DAPI, GFP, and Tomato fluorescent channels.

Exposure time was kept constant whilst imaging.

The number of dead cells and total cells (based on DNA stain) was analysed
using FI1JI (Schindelin et al., 2012). Images were opened in separate channels.
The image background was subtracted: Process>Subtract background>rolling
ball radius = 50 pixels>OK. The image was adjusted to set the threshold:
Image>Adjust>Threshold left threshold set to between 20-30. The cell number
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(dead and total cells) was then calculated: Analyze>Analyze particles> size 0-
infinity, circularity 0-1, select Display results, Clear results, and Summarize. The
number of particles were then transcribed into an Excel workbook. Live cell
counts were not recorded in 2D cultures if many of the cells were touching. Live
cell number would be calculated based on the total number of cells minus the

number of dead cells.

2.7. Cytotoxicity testing

Extraction and direct cytotoxicity tests were carried out using the international
standard for biological evaluation of medical devices, ISO 10993-5 and -12, as
a guide. The standards do not fit perfectly with testing hydrogel materials, but
the protocol was adapted and followed as closely as possible. VVolume ratios were
calculated in line with section 10.3.3. table 1 (found in ISO 10993-12),
irregularly shaped solids. The table states 0.2 g of material is used per mL for
extraction media. For direct testing, the material should cover approximately
10% of the surface area of the cells. Cells used were the SH-SY5Y human

neuroblastoma cell line, maintained and seeded as described in 2.4.2.

2.7.1. Extraction test

Pectin gels were prepared by adding 10 pL of 25, 50 or 100 mM CaCl; into 24-
well plates, followed by 100 pL of 1% wi/v pectin solutions (final CaCl
concentrations after pectin addition were 2.27, 4.55, or 9.09 mM). This gave gels
with approximate mass of 100 mg. To these, 500 puL of SH-SY5Y cell culture
media was added and plates were incubated for 24 hours at 37 °C to form the

extraction test media.

SH-SY5Y cells were seeded into 48-well plates at a density of 50,000 cells/mL
(25,000 cells/well) and allowed to grow for 24 hours.

After 24 hours, media was replaced with either fresh complete media, extraction
test media, or media containing 50% DMSO or 5% triton-X. This was left on the
cells for 24 hours before carrying out a PrestoBlue assay to determine the

metabolic activity of the test wells.
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2.7.2. Direct test

SH-SY5Y cells were seeded into 12-well plates (growth surface area 3.5 cm?) at
a density of 50,000 cells/mL and allowed to grow for 24 hours.

Pectin gels were prepared by adding 10 pL of 25, 50 or 100 mM CacCl; into 96-
well plates (final CaCl, concentrations after pectin addition were 2.27, 4.55, or
9.09 mM), followed by 100 pL of 1% wi/v pectin solutions to give gels with
approximately 0.32 cm? base surface area (approximately 10% of the growth
surface area of the 12-well plates). These were placed into wells containing
cells and incubated for 24 hours before carrying out a PrestoBlue assay to
determine the metabolic activity of the test wells.

2.8. Cell spraying

The Mucosal Atomisation Device (Teleflex) attached to a 1 mL syringe (Henke

Sass Wolf) was used for cell spraying experiments. The nasal shield was

removed as it was not required. The device set-up was as follows:

Figure 2.3 — The MAD spray device (Teleflex) with the nasal shield removed,
attached to a 1 mL syringe (Henke Sass Wolf).

For experiments using cells, the device was cleaned using 1% distel initially,
followed by 70% IMS. The device was stored in a sterile container between
experiments. Before starting work, 5 mL 70% IMS was sprayed through the
device, followed by 5 mL 1xPBS. Between conditions in an experiment, 3 mL
1xPBS was sprayed through the device to clear any residual cells.

2.8.1. Cells in media/PBS

Cells for spraying were detached from flasks using the same method as
passaging above (2.4). Cell density was determined using a haemocytometer,
and cell suspensions of desired density were prepared in media or 1XPBS. The
desired volume of cell suspension was sprayed into the wells using the syringe,
and spraying was carried out from the top edge of the well to keep spraying
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height consistent. The spraying speed was approximately 4 seconds per mL.
Control wells were included in experiments by adding cell suspensions to wells
by syringe. Basal growth media was added to wells in equal volume to the cell
volume (e.g., 500 pL cell suspension + 500 pL basal growth media) Plates were
incubated at 37 °C with 5% CO. for desired length of time before determining

metabolic activity by PrestoBlue assay, LDH assay and/or Live/Dead staining.

2.8.2. Cells in pectin

Pectin solutions were prepared by dissolving 1% w/v of pure lyophilised pectin
(formed following protocol in 0) in 1XPBS on a heated magnetic stirrer plate set
at 70 °C. Solutions were stirred for a minimum amount of time for solids to
completely dissolve. Solutions were cooled and the pH adjusted to 7.4 using
0.1 M NaOH. Pectin solutions were passed through a 0.22 um syringe filter in a
class Il microbiological safety cabinet before use. CaCl, solutions were also
passed through a 0.22 um syringe filter before use.

Cells were detached using trypsin or Accutase (for hMSCs), spun down and the
pellet resuspended in 1 mL of 1xPBS. Cells were then counted using a
haemocytometer (2.5.1). This cell suspension was then used to prepare the pectin

and cell suspensions at the desired densities.

CaCl> solutions were added to well plates at 10% of the volume of pectin desired
(e.g., 10 pL CaCl> with 100 pL pectin used). Following the addition of pectin,
media was carefully added to wells. Media was added to pectin in a 1:1 ratio.
Cells were left for the desired length of time before carrying out further

experiments.

2.9. Cell retention within spray device

To determine whether cells would be trapped within the spray device, SH-SY5Y
cell suspensions were prepared as previously described at a density of 100,000
or 200,000 cells/mL. These were then sprayed, syringed, or pipetted into 1.7 mL
tubes. They were counted immediately after using a haemocytometer. Three

repeats were carried out in triplicate.
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2.10. Flow cytometry

Flow cytometry was carried out to determine whether hMSC were still positive
for CD90, CD105, and CD73, and negative for CD34, CD11b, CD19, CD45,
and HLA-DR, as they should be to be classed as MSCs (Dominici et al., 2006).
Flow cytometry is carried out by adding fluorescently labelled antibodies
specific to the cell surface proteins of interest. If the surface markers are present
on the cells, the antibodies bind, and the fluorescent label detected by the flow
cytometer. Blank cells are tested to determine whether the cells have any level
of autofluorescence at the wavelengths tested. Isotype controls are also run and
used for later analysis. The isotype controls are antibodies which are
fluorescently labelled with the relevant fluorophore, but which will not bind to

the cells. This is used to determine the level of non-specific binding to the cells.

Cells were prepared for flow cytometry by spraying in 1xPBS, syringing in
1xPBS, spraying in pectin, or syringing in pectin as previously described at a
density of 100,000 cells/mL (2.8). 12-well plates were used. Cells were left for
24 hours before being detached and suspended in 1xPBS. For those cells being
grown in pectin, 1XxPBS pH 7.4 was used to dissolve the pectin. This was carried
out by adding 500 pL 1xPBS, pipetting up and down 5 times to disrupt the gel
structure. Liquid was removed and added to a 50 mL falcon tube with a 70 um
cell strainer on top. 500 pL 1xPBS was added to the well and pipetted up and
down 3 times to disrupt any remaining gel structure and to wash the well. This
was added to the falcon tube. 250 pL Accutase was added to the wells to remove
any adherent cells. This was incubated for 5 minutes, then 500 uL 1xPBS added
to the well, then all liquid removed and added to the falcon tube. Wells were
checked for any remaining cells and the process repeated if needed. Cells were
then spun at 300 xg for 5 minutes, supernatant removed, and the cell pellet was
resuspended in BD Pharmingen™ Stain Buffer (Cat. No. 554656).

500 pL of cell suspension was added to each flow cytometry tube. The human
MSC analysis kit from BD Biosciences (Cat. No. 562245) was used containing
fluorescently labelled antibodies to the cell surface markers of interest. The

cocktail contents are outlined below.
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Table 2.6 — The antibody contents in each vial and the fluorophore each antibody
iIs labelled with. All isotype antibodies are mouse and not specific to the desired
surface markers. All positive and negative cocktail antibodies are mouse
antibodies raised against the human surface markers listed.

BD hMSC kit vial description: ~ Antibody contents (antibody

specificity, fluorophore)
hMSC Positive Isotype Control  mlgGl1, « FITC
Cocktail mlgGl, k PerCP-Cy5.5
mlgGl, « APC
PE hMSC Negative Isotype mlgGl, k PE
Control Cocktail mlgG2a, k PE
hMSC Positive Cocktail CD90, FITC
CD105, PerCP-Cy5.5
CD73, APC
PE hMSC Negative Cocktail CD34, PE
CD11b, PE
CD19, PE
CD45, PE
HLA-DR, PE

Cell samples and stains were added as follows:

Table 2.7 — Cell samples and the fluorescently labelled antibody added. DAPI
was added to all flow cytometry tubes containing the hMSC positive/negative
cocktails.

BD hMSC kit

vial/antibody added to the Volume of fluorophore

labelled antibody

Cell sample flow cytometry tube with
the cell sample (antibody
specificity, fluorophore)

CD90, FITC 5uL
CD44, PE S5 uL
CD105, PerCP-Cy™5.5 5puL
CD73, APC 5puL
Blank 0puL

PBS syringe hMSC Positive Isotype
Control Cocktail

PE hMSC Negative Isotype 10k

Control Cocktail

hMSC Positive Cocktail 10 UL

PE hMSC Negative Cocktail H

hMSC Positive Isotype

Control Cocktail 10 ul
PBS spray PE hMSC Negative Isotype H

Control Cocktail

hMSC Positive Cocktail 10 UL

PE hMSC Negative Cocktail H
CU-701 syringe hMSC Positive Isotype 10 uL

Control Cocktail
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PE hMSC Negative Isotype
Control Cocktail

hMSC Positive Cocktail

PE hMSC Negative Cocktail
hMSC Positive Isotype
Control Cocktail

PE hMSC Negative Isotype
Control Cocktail

hMSC Positive Cocktail

PE hMSC Negative Cocktail
hMSC Positive Isotype
Control Cocktail

PE hMSC Negative Isotype
Control Cocktail

hMSC Positive Cocktail

PE hMSC Negative Cocktail
hMSC Positive Isotype
Control Cocktail

PE hMSC Negative Isotype
Control Cocktail

hMSC Positive Cocktail

PE hMSC Negative Cocktail
hMSC Positive Isotype
Control Cocktail

PE hMSC Negative Isotype
Control Cocktail

hMSC Positive Cocktail

PE hMSC Negative Cocktail
hMSC Positive Isotype
Control Cocktail

PE hMSC Negative Isotype
Control Cocktail

hMSC Positive Cocktail

PE hMSC Negative Cocktail
hMSC Positive Isotype
Control Cocktail

PE hMSC Negative Isotype
Control Cocktail

hMSC Positive Cocktail

PE hMSC Negative Cocktail
hMSC Positive Isotype
Control Cocktail

PE hMSC Negative Isotype
Control Cocktail

hMSC Positive Cocktail

PE hMSC Negative Cocktail

The PBS syringe samples were used as the controls. For the analysis,

10 pL
10 pL
CU-701 spray
10 pL
10 pL
CU-L syringe
10 pL
10 pL
CU-L spray
10 pL
10 pL
LM-102 syringe
10 pL
10 pL
LM-102 spray
10 pL
10 pL
LM-104 syringe
10 pL
10 pL
LM-104 spray

10 pL

compensation controls were set up by Dr David Onion in the flow cytometry
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suite in the Queens Medical Centre at the University of Nottingham.
Compensation control parameters are required when using multiple fluorophores
in one cell sample, as is the case when using the positive and negative cocktails
in the BD hMSC analysis kit. When set up correctly, the compensation will
correct for any fluorescence being detected in any of the channels other than the
intended one, so there is no interference from the other fluorophores (Roederer,
2002).

CytoFLEX S flow cytometer was set up to record 10,000 events within the gated

parameters (single cell events), or run for 90 seconds, which ever came sooner.

Control 1 isotype Control 1 isotype Control 1 isotype

[Ungated] [L] SSC-A / S5C-H [AG] FITC-A
FSC-A / S5C-A =1
- = 80
5 x
< = £
2 3 3 —
m o AH
T T
200 1000 200 1000 0-
(109 (x 10°) 107 407 07 A0° 40F 407 408
FSC-A SSC-A FITC-A
Gate Number %Total %Gated Gate Number %Total %Gated Gate %Total %Gated
All 21,846 100.00 100.00 All 12,410 56.81 100.00 All 49.99 100.00
L 12,410 56.81 56.81 AG 10,921 49.99 88.00 AH 0.41 0.81
Control 1 isotype Control 1 isotype Control 1 isotype
[AG] PE-A [AG] PerCP-A [AG] APC-A
100 B0 100
= =] BL S M BN
o- 0- o0-
17 1 10t 1f 10t 17 g 1¢ 17 10t 10t et 107 10f 100 1F w0t 107 10t 107 0P
PE-A PerCP-A APC-A
Gate %Total %Gated Gate %Total %Gated Gate %Total %Gated
All 49.99 100.00 Al 49.99 100.00 All 49.99 100.00
Al 0.43 0.86 BL 2.25 4.5 BN 0.43 0.86

Figure 2.4 — Kaluza analysis gating shown using the PBS syringe isotype sample
for hMSC donor #26000, which should be negative for each fluorophore with
non-specific antibodies. The first gate selects for cells and eliminates debris
using the forward (FSC) vs side (SSC) scatter plot. The second selects for single
cell events, eliminating any doublet or triplet cells. The subsequent gates (one
for each fluorophore detector FITC, PE, PerCP, and APC) were set against the
negative population of cells to select for the positive population if it were present
in the cocktail samples. These gates were copy and pasted onto the cell samples
containing the specific antibody cocktails.
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Data analysis was carried out using the Kaluza software (Beckman Coulter). The
graphs showing an example of the gating protocol is shown in Figure 2.4. Gates
were first set on the forward scatter-area (FSC-A) vs side scatter-area (SSC-A)
plot to select for cells and disregard debris. From that, gates were set on the SSC-
A vs SSC-H plot to select for single cell events. This gate was then used to set
the gate to select for DAPI negative only, if applicable. Using this gate for live,
single cells only, histograms showing the marker vs the cell count were set for
the isotype control samples. Using these, gates were set as follows:

CD90 FITC: >0.8%, <1%
CD105 PerCP-Cy5.5: >4.5%, <5%
APC CD73: >0.8%, <1%
PE negative cocktail: >0.8%, <1%

The gates set for each marker on the isotype control samples from the PBS
syringe cells were then copy and pasted onto the histograms for the positive and
negative cocktail samples for each marker to identify the population positive for
each. The isotype control samples for each pectin cell condition were not used
to set gates to maintain consistency.

2.11. hMSC differentiation

The hMSC differentiation study was carried out to determine whether hMSCs
retain their capacity to differentiate into osteogenic and adipogenic cells
following spraying in 1XPBS and pectin. It was also carried out to determine
whether cells spontaneously differentiate following spraying in 1xPBS and
pectin. Each condition was carried out in duplicate, and two cell donors were
used (#33357 and #27519) (N=2, n=2).

Cells were prepared for the differentiation study by spraying in 1XxPBS, syringing
in 1XPBS, spraying in pectin, or syringing in pectin as previously described at a
density of 100,000 cells/mL (2.8). 12-well plates were used. Cells were left for
24 hours before being detached and suspended in 1xPBS. For those cells being
grown in pectin, 1xPBS pH 7.4 was used to dissolve the pectin. This was carried
out by adding 500 pL 1xPBS, pipetting up and down 5 times to disrupt the gel
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structure. Liquid was removed and added to a 50 mL falcon tube with a 70 um
cell strainer on top. 500 puL 1xPBS was added to the well and pipetted up and
down 3 times to disrupt any remaining gel structure and to wash the well. This
was added to the falcon tube. TE was used to remove any remaining adherent

cells.

For cells grown in 1xPBS, TE was used to detach adherent cells. Media was
removed, wells washed with 1xPBS, then TE added until cells detached

(maximum 15 minutes).

Cell suspensions obtained from each condition were used to seed plates for the
differentiation study. 20,000 cells/well were seeded in 24 well plates. Cells were
allowed to grow for 48 hours in basal growth media, before media was changed

for control or differentiation media.

For the wells testing for spontaneous differentiation, h(MSC basal growth media
(Lonza) was used. For the wells testing for differentiation, adipogenic or
osteogenic differentiation media (PromoCell) was used. Media was changed
every 3-4 days for 14 days.

Staining and imaging were carried out by Dr I-Ning Lee, RMCT division, School

of Pharmacy, University of Nottingham:

On the 14™ day, the wells testing for spontaneous or induced osteogenic
differentiation were fixed with 4% PFA for 30 minutes at room
temperature. These were washed with dH.O, then 1% Alizarin Red S
stain was added for 30 minutes. Wells were then washed with dH20 and

imaged.

The wells testing for induced or spontaneous adipogenic differentiation
were fixed with 4% PFA for 30 minutes at room temperature. These were
washed with 60% isopropanol and left to dry. Oil Red O stain was then
added for 10 minutes. Wells were then washed with dH.O and
counterstained for 5 minutes in haematoxylin. Wells were washed with
dH>0 and imaged.
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2.12. Transcriptome analysis

2.12.1. Sample preparation

hMSCs were prepared for RNA extraction by spraying in 1xPBS, syringing in
1xPBS, spraying in CU-701 pectin, or syringing in CU-701 pectin as previously
described. 12-well plates were used, and cells were seeded at 100,000 cells/mL.
Cells were left for 24 hours before being detached and suspended in 1xPBS. For
those cells being grown in pectin, TE was added to chelate Ca?* and detach cells.
This was carried out by adding 500 pL TE, pipetting up and down 5 times to
disrupt the gel structure. Liquid was removed and added to a 50 mL falcon tube
with a 70 um cell strainer on top. 500 pL 1xPBS was added to the well and
pipetted up and down 3 times to disrupt any remaining gel structure and to wash
the well. This was added to the falcon tube. 250 puL Accutase was added to the
wells to remove any adherent cells. This was incubated for 5 minutes, then 500
puL 1XPBS added to the well, then all liquid removed and added to the falcon
tube. Wells were checked for any remaining cells and the process repeated if
needed. Cells were then spun at 300 xg for 5 minutes, supernatant removed. The
cell pellet for cells grown without pellet was then placed on ice. The pellet
obtained from cells grown in pectin was resuspended in 1xPBS, then spun again
at 300 xg for 5 minutes to wash residual pectin off the cells. The supernatant was
then removed, and the tube placed on ice. This was repeated three times using a
separate donor each time.

2.12.2. RNA extraction

RNA extraction was carried out using the Qiagen RNeasy® mini kit following
the manufacturers protocol. 350 uL lysis buffer (buffer RLT) was added to the
cell pellets. This was pipetted up and down to homogenise, then transferred to a
gDNA eliminator spin column. This was spun for 30s at 9,000 xg. 350 uL 70%
ethanol was added to the flow through, and the total volume was added to a
RNeasy spin column in a collection tube. This was spun for 15s at 9,000 xg.
Flow through was discarded and 700 pL of buffer RW1 (wash buffer) was added.
This was spun and the flow through discarded. 500 pL buffer RPE was added,
spun for 15s at 9,000 xg, flow through discarded. 500 uL buffer RPE was added
again, spun for 2 minutes at 9,000 xg, flow through discarded. The RNeasy spin
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column was transferred to a clean collection tube and spun again for 1 minute at
9,000 xg. The spin column was then transferred to a clean 1.5 mL collection
tube. 30 pL of nuclease free dH20 was added, left for 1 minute, then spun for 1
minute at 9,000 xg to elute the RNA. The concentration of RNA was measured
using the NanoDrop™ (ThermoFisher Scientific) blanked with the same water
used to elute the RNA.

2.12.3. RNA library preparation and sequencing

Quality assurance, RNA library preparation, sequencing, and differential gene
expression analysis was carried out by the DeepSeq department located in the
Queens Medical Centre at the University of Nottingham. Their protocol is as

follows:

The Qubit Fluorometer and Qubit RNA BR assay kit (ThermoFisher
Scientific, Q10211) were used to determine RNA concentration. The
Agilent TapeStation 4200 and Agilent RNA ScreenTape Assay Kit
(Agilent, 5067-5576 and 5067-5577) was used to determine the RNA
integrity number. 100 ng of extracted RNA was then used to make a
cDNA library for sequencing using the QuantSeq 3> mRNA-Seq library
prep kit for lllumina (FWD) (Lexogen, 015.96). These were indexed
using the Lexogen i7 6nt Index Set (Lexogen, P04496). 14 cycles of PCR

were carried out for all samples.

Libraries were quantified using the Qubit Fluorometer and the Qubit
dsDNA HS Kit (ThermoFisher Scientific, Q32854). Library fragment-
length distributions were analysed using the Agilent TapeStation 4200
and the Agilent High Sensitivity D1000 ScreenTape Assay (Agilent,
5067-5584 and 5067-5585).

Libraries were pooled in equimolar amounts and final library
quantification was performed using the KAPA Library Quantification
Kit for Illumina (Roche, KK4824). Library pool sequenced on the
Illumina NextSeq 500 platform, on a NextSeq 500/550 Mid Output v2.5
150 cycle kit (Illumina, 20024904), to generate approximately 5 million

75bp single end reads per sample. Data was converted to FastQ format
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using ‘bcl2fastq2’, part of the Illumina Secondary Analysis Software
(v1.37.0).

All data analysis was performed using the Lexogen QuantSeq workflow;
a pipeline developed specifically for data generated from the QuantSeq
3> mRNA-Seq library prep kit for Illumina (FWD). The workflow is as

follows:

During the Lexogen QuantSeq workflow, raw reads were trimmed of
polyA tails and Illumina NextSeq adapters using Cutadapt (Martin,
2011). Resulting fragments of <20 bp were removed. Trimmed reads
were aligned to the human reference genome (Homo sapiens
GRCh38_emsembl_release 107 _ERCC_SIRV) using the STAR aligner
(Dobin et al., 2013). Aligned reads were passed to ‘featureCounts’ (Liao
et al., 2014) in order to classify and count each alignment against the

reference, using the appropriate annotation data.

For differential gene analysis, comparisons were drawn between the
various contrasts specified above and analysed using the ‘R’ package
‘DESeq2’, (Love et al., 2014). Each contrast was assessed for

significantly differentially expressed genes (adjusted p-value <0.1).

Differential gene expression analysis carried out using the following

comparisons:

e PBS spray vs PBS syringe

e CU-701 spray vs CU-701 syringe
e (CU-701 spray vs PBS spray

e CU-701 spray vs PBS syringe

e CU-701 syringe vs PBS spray

e CU-701 syringe vs PBS syringe
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2.13. SH-SY5Y damage model optimisation — 96-well plate

SH-SY5Y human neuroblastoma cells were cultured as described above (2.4.2).
Initial optimisation work was carried out in 96-well tissue culture treated
polystyrene plates to minimise waste, with cells seeded at a density of 50,000
cells/mL (100 pL per well), equating to approximately 15,600 cells/cm?. Cells
were left to adhere for 12-24 hours before use.

The aim of the optimisation work was to find a concentration of glutamate and
H20. which results in approximately a 50% reduction in metabolic activity of
the population of cells. The aim was also to demonstrate that high concentrations
of both glutamate and H2O> can result in the death of the cell population,

demonstrated by recording a lack of metabolic activity.

2.13.1. Excitotoxicity model

Glutamate spiked media at concentrations ranging from 10 — 400 mM were
prepared from a 1 M glutamate stock prepared in SH-SY5Y complete media,
which was filtered through a 0.22 pm syringe filter before use. Media was
removed from the wells, and 100 pL of glutamate spiked media at various
concentrations was added in triplicate. Plates were incubated with glutamate for
1 hour at 37 °C with 5% CO> before wells were gently washed with 1xPBS, and
fresh complete media added. Plates were incubated for 24 hours, before carrying
out a PrestoBlue assay to assess the extent of the damage. Metabolic activity was
calculated as a percentage of the undamaged control, which underwent washing

and media changes at the same timepoints without the presence of glutamate.

2.13.2. Oxidative stress model

Two time periods using hydrogen peroxide were investigated. Hydrogen
peroxide spiked media was prepared from a 3% stock bottle. This was used to
prepare a 100 mM stock in media, which was used to prepare H>O> spiked media

at various concentrations ranging from 10 — 1000 uM.

For the 1-hour model, H2O> spiked media at various concentrations was added
to wells in triplicate. Plates were incubated for 1 hour at 37 °C with 5% CO:
before wells were gently washed with 1xPBS, and fresh complete media was

added. Plates were incubated for 24 hours before carrying out a PrestoBlue
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assay. Metabolic activity was calculated as a percentage of the undamaged
control, which underwent washing and media changes at the same timepoints

without the presence of H2O».

For the 24-hour model, H20- spiked media at various concentrations was added
to wells in triplicate. Plates were incubated for 24 hours at 37 °C with 5% CO.,
before carrying out a PrestoBlue assay. Metabolic activity was calculated as a
percentage of the undamaged control, which underwent washing and media

changes at the same timepoints without the presence of H2O».

2.14. SH-SY5Y damage model optimisation — 24-well plate

SH-SY5Y human neuroblastoma cells were cultured as previously described.
Cells were seeded at a density of 50,000 cells/mL. 600 pL were seeded per well
in a 24-well plate to give approximately 15,700 cells/cm?, to be comparable with
the 96-well plate model development. Cells were left to adhere for 12-24 hours

before use.

Further optimisation was required to determine whether the change in plate size
from 96-well to 24-well would affect the metabolic activity measured by
PrestoBlue in the wells with cells damaged at different concentrations of the
damaging media. Well inserts for the co-culture model require the use of 24-well
plates.

2.14.1. Excitotoxicity model

As before, 1 M stock prepared in SH-SY5Y complete media, which was filtered
through a 0.22 pm syringe filter before use. Glutamate spiked media at
concentrations ranging from 10-1000 mM were prepared from this. Damaging
media was added in triplicate following the same protocol was followed as the
96-well plate optimisation, with metabolic activity once again calculated as a

percentage of the undamaged control wells.

2.14.2. Oxidative stress model

As before, two time periods for the oxidative stress models were used. 100 mM
H20> spiked media was prepared, and this was used to prepare H2O spiked

media at various concentrations ranging from 10 — 400 pM. Damaging media
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was added in triplicate following the same protocol as the 96-well plate
optimisation for both the 1-hour and 24-hour models, with metabolic activity

once again calculated as a percentage of the undamaged control wells.

2.15. SH-SY5Y damage model — effect of pectin gels alone

The excitotoxicity model and the two time periods for the oxidative stress model
were used to test the effect of pectin hydrogels alone on damaged cells.
Concentrations of damaging media were chosen to give approximately 50% loss
of metabolic activity. For the excitotoxicity model, this was 250 mM glutamate.
For the oxidative stress model, this was 25 uM H»O: for both the 1-hour and 24-
hour models. 1% w/v pectin solutions were used to form hydrogels. 100 pL gels
were formed by adding pectin solutions to wells in a 96-well plate containing 10
pL of 100 mM CaCl; solution.

For the 1-hour models, damaging media was added, plates were incubated for 1
hour, media was then removed, wells gently washed with 1xPBS, and fresh
media was added. Pectin hydrogels were then added, using a spatula to remove
the gels from the 96-well plate. For the 24-hour model, pectin hydrogels were
added immediately after the damaging media. Hydrogels were placed directly
on the cells in culture. Plates were then incubated for 24 hours, before carrying
out a PrestoBlue assay. Any remaining gel was removed from the wells, as well
as media. This was replaced with 400 pL complete SH-SY5Y media containing
1x PrestoBlue. Plates were incubated for 1-2 hours before transferring media to

a black 96-well plate for reading by fluorescence.

2.16. SH-SY5Y damage model — hMSC co-culture

As before, concentrations of damaging media were selected to give
approximately a 50% reduction in metabolic activity: 250 mM glutamate and 25
UM H20:.
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Figure 2.5 — Schematic showing the method used for the co-culture damage
models which add the treatment after a 1-hour incubation with the glutamate or
H>0> spiked media. Plates are then incubated for 24-hours, before carrying out
a PrestoBlue assay on the SH-SY5Y cells.
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Figure 2.6 — Schematic showing the method used for the co-culture damage
model which adds the treatments immediately after the addition of H.Og,
followed by a 24-hour incubation. A PrestoBlue assay is then carried out on the
SH-SYS5Y cells.
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Well inserts for 24-well plates were used with a surface area equivalent to that
of a 96-well plate. hMSCs were prepared at a seeding density of 100,000
cells/mL, resulting in 10,000 cells/well. Well inserts had a pore size of 1 pm,
chosen primarily due to stock availability, but to also guarantee cells would not
migrate through to the wells containing SH-SY5Y cells. The following
conditions were tested on damaged cells, all prepared in well inserts (all pectin
conditions were gelled with 10 pL 100 mM CacCl; solution, which was added to
well inserts first). After seeding cells, 100 pL media was added to each well.
Pectin grades used described in Table 2.2.

Table 2.8 — Samples prepared and added to well inserts for the co-culture
experiment. Syringe seeded method indicates cells are added to wells using a 1

mL syringe. Spray seeding method indicated cells are added to wells using a 1
mL syringe with the MAD sprayer attached (shown in Figure 2.3).

hMSC media Blank PBS Syringe
hMSC syringed PBS + hMSCs Syringe
hMSC sprayed PBS + hMSCs Spray
CU-701syringed  CU-701 + hMSCs Syringe
CU-701 sprayed CU-701 + hMSCs Spray
LM-102 syringed LM-102 + hMSCs Syringe
LM-102 sprayed = LM-102 + hMSCs Spray

Glial cell line-derived neurotrophic factor (GDNF) at a concentration of 50
ng/mL was also used as a positive control, as it has previously demonstrated
efficacy against glutamate damage in SH-SY5Y cells (Wang et al., 2016). All
conditions were tested in duplicate. Experiments were carried out on three

occasions using different cell donors for the hMSCs each time (N=3, n=2).

Cells were damaged as previously described. In the models requiring a 1-hour
incubation, well inserts were prepared during the incubation and transferred into
24-well plates containing the damaged SH-SY5Y cells immediately after the
addition of fresh media. In the 24-hour model plates, well inserts were prepared
and added to wells immediately following the addition of H2O- spiked media.

Plates were incubated for 24 hours, before carrying out a PrestoBlue assay to
determine metabolic activity of cells. Well inserts were removed; media was
removed and 400 pL complete media containing 1x PrestoBlue was added.
Plates were incubated for 1-2 hours before media was transferred to a black 96-

well plate for reading by fluorescence.
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2.17. Statistical testing

In each experiment, three biological replicates were carried out, unless stated
otherwise. Biological replicates in the case of cell lines were experiments carried
out at different time points using cells at a different passage. Biological repeats
(shown by N) in the case of the hMSCs were carried out using separate cell
donors, details of which are shown in Table 2.5. Three technical repeats (shown
by n) were carried out in each experiment, (unless stated otherwise) to allow for
variability in the samples and measurements. The mean was calculated, and the
mean of each biological repeat used to calculate statistical significance. Normal
distribution for the data was assumed for all experiments. Ideally, more
biological repeats would have been carried out to give more statistical power,

but this was inhibited by cost of hMSCs from Lonza, and time constraints.

The flowchart from the Nishimura Lab group was initially used to guide the
statistical test selection (Nishimura, 2023). The data obtained from the cell
experiments was continuous (the data obtained can be any value, not only
discrete values). When two groups were compared, a T-test was carried out. As
cells for each condition of an experiment were from the same flask of cells,
grown together in the same conditions, a paired T-test was selected. When there
were multiple groups of paired samples, a multiple paired T-test was carried out.
The P value for statistical significance was set to 0.05, and the Holm-Sidak
method was used to correct for multiple comparisons (GraphPad, 2023a). When
there were more than two test groups, a one-way ANOVA was carried out. A
Dunnett’s post-test is a test used to determine statistical significance between
each experimental test group and a control condition by comparing the mean
values of these groups (GraphPad, 2023b).
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3.1. Introduction

As discussed in Chapter 1, pectin was selected due to previously demonstrated
biocompatibility and mucoadhesive properties, including when delivered
directly to the rat brain (McCrorie et al., 2020). Low methoxyl pectin (LMP)
forms a gel when it comes into contact with calcium ions (Gawkowska et al.,
2018), therefore, as calcium is found endogenously in the brain, pectin solutions
containing cells could be sprayed as a liquid and gel in situ. Some studies have
investigated the use of pectin for cell encapsulation (Munarin et al., 2012b),
including for use with hMSCs (Neves et al., 2015), showing the cells remain

viable when encapsulated.

3.1.1. Extraction

Pectin is extracted from the cell walls of fruits and vegetables. Pectin extracted
from citrus peel and apple pomace has dominated the market since the 1940s and
continues to be the most popular source of pectin today due to the ease and low
cost of obtaining it from the waste of the juicing industry (Rodriguez Robledo
and Castro Vazquez, 2020). Pectin is acidic, soluble in water, but insoluble in

alcohol (Fremy, 1840); this forms the basis for extraction.

Chemical extraction of pectin using acid is the most common method and has
been used since the early 1900s (Baker, 1935). It is carried out by treating the
raw material with hot mineral acid (such as hydrochloric acid) at pH 2.0, filtering
the extract and precipitating the crude pectin with alcohol. The precipitate is then
washed, dried, and milled to produce a pectin powder (Rodriguez Robledo and
Castro Vazquez, 2020). This process is outlined in Figure 3.1. Chemical
extraction has been extensively used and researched, particularly for use in
extracting citrus and apple pectin which make up >99% of the pectin market
(Rodriguez Robledo and Castro VVazquez, 2020).
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Figure 3.1 — A schematic showing the extraction process using hot mineral acid.
Pectin obtained by this method typically has a degree of methylation (DM) of
70%, however de-esterification (defined as the removal of -CHz groups at the C6
position on GalA residues) can be carried out by acid or alkali treatment, or
ammonia treatment to obtain an amidated LMP, indicated in the flow diagram.

Due to the strong acid and alcohol used in this process, pectin obtained should
be free from contamination from microbes associated with the fruit from which
it is obtained. However, following the drying and milling, pectin is not stored in
sterile conditions or containers as the primary use of pectin is in the food and
drink industry (Rodriguez Robledo and Castro Vazquez, 2020). As a result,
purification and sterilisation methods require investigation for the use of pectin

in cell delivery.

3.1.2. Pectin Purification

The use of pectin in the food and drink industry is extensively documented, as
well as many uses in industry pharmaceutical, with interest increasing for the
use of pectin in regenerative medicine (Lara-Espinoza et al., 2018). For delivery
to humans, materials must be sterile and free from contamination with antigenic
substances such as proteins or endotoxins (Li and Boraschi, 2016). Endotoxins
are released from the surface of bacterial cell walls in the form of
lipopolysaccharides (LPS) and are known to cause inflammatory responses in
cells (Weiss and Barker, 2018). Materials used as medical devices are required
to have less than a specified endotoxin unit (EU) per mL; 0.5 EU/mL for general
devices, and less than 0.06 EU/mL if that device or material will come into
contact with cerebral spinal fluid (FDA, 2012).

One possible method of purification of pectin described by Munarin et al. (2011)
involved three stages of ethanol washes: 10 g of pectin was washed in 100 mL
of 50% ethanol for 30 minutes, filtered, rinsed with 75 mL of 50% ethanol, then
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50 mL of 95% ethanol before being dried (Munarin et al., 2011). No criteria for

successful purification were described.

A second method described by Neves et al. (2015) used charcoal. This method
was based on a patented purification method used for alginate (Bender, 2013).
A pectin solution at 1% w/v was prepared in ultrapure water, and the pH adjusted
to 6.0. 2% w/v activated charcoal was added and stirred for 1 hour at room
temperature. The mix was centrifuged at 27,000 xg for 1 hour, supernatant
removed, and the charcoal pellet discarded. The supernatant containing pectin
was stirred for 30 minutes, centrifuged again at 27,000 xg for 1 hour, and then
freeze dried. Protein concentration, endotoxin levels, and polyphenol
quantification was carried out to validate the purification protocol, however no
level was detailed on acceptable levels of these (Neves et al., 2015).

3.1.3. Pectin gelation

Cross-linking of LMP occurs due to ionic interactions between the positive
calcium ions and the negative charge on the carboxylic acid group on the pectin
chains (Grant, 1973). Pectin is acidic, however for use in cell delivery, pectin
solutions are required to have a physiological pH of 7.4 as any deviation from
this can denature cellular proteins and lead to cell death (Mackenzie et al., 1961).
This adjustment in pH can alter the ionic charges found on the pectin chains,
which has been shown to alter some of the hydrogel properties, such as calcium

sensitivity and stiffness (Fraeye et al., 2010).

Much of the research carried out on pectin involved dissolving it in water,
however for use in tissue culture, the pectin solution is required to be isotonic to
the cells. In some tissue engineering research, pectin is dissolved in 0.9% w/v
NaCl solution (Neves et al., 2015, Birch et al., 2015, Gentilini et al., 2018), or
phosphate buffered saline solutions (1xPBS) (Takei et al., 2010). Due to the
presence of ions such as Na™, it is feasible that some charge shielding, or charge
interactions occur, which may cause premature gelation, precipitation, or no

gelation.

3.1.4. Pectin functionalisation
Pectin has no sites within the structure for mammalian cells to adhere to.

Therefore, the addition of a peptide for cells to recognise and bind to has been
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investigated (Munarin et al., 2011, Munarin et al., 2012b). The sequence
arginine-glycine-aspartate (RGD) is recognised by integrins and facilitates cell
binding, therefore this ligand has been used in material functionalisation
(Pierschbacher and Ruoslahti, 1984). There is limited work currently on the
functionalisation of pectin and that work has been based on work to functionalise
alginate by carbodiimide chemistry (Rowley et al., 1999). They used the
sequence GRGDY and showed cell adherence using mouse skeletal myoblasts.

Evangelista et al. (2007) investigated the differentiation of MC3T3-EL1 cells into
bone cells using a peptide sequence G4RGDSP to functionalise alginate, using
parameters outlined by Rowley et al. (1999). They showed that cells were more
osteoblast-like when encapsulated in RGD-functionalised alginate, compared to
unmodified alginate (Evangelista et al., 2007). Like alginate, pectin is a
polysaccharide which cross-links with divalent cations. It has carboxylic acid
groups available for this cross-linking, but which can also be modified with
carbodiimide chemistry. The reaction conditions used by Munarin et al. (2011)
were again based on the work by Rowley et al. (1999). MC3T3-E1 cells were
once again used and similar results were observed in terms of differentiation
when compared to unfunctionalized pectin (Munarin et al., 2011). These studies
demonstrated cells could be encapsulated in pectin for tissue engineering. Neves
et al. (2015) used RGD pectin to encapsulate mesenchymal stromal cells. Cells
demonstrated an elongated phenotype in the RGD pectin, and whilst still viable,

cells were rounded in the unfunctionalized pectin (Neves et al., 2015).

3.1.5. Pectin viscosity & pectin gel mechanical strength — Rheological
measurements

Rheology is the study of the flow of liquids and the deformation of solids
(Mezger, 2014). Here, rheological measurements provide information on the
viscoelastic properties of solids and the viscosity of liquids (Mezger, 2014).

Material viscosity will influence the suitability of the material for spraying. If a
material is too viscous, it will not pass through a spray nozzle or it will cause
cell death as increased viscosity of a solution is correlated with a lower cell
viability when used to spray cells (Hendriks et al., 2015). Therefore, it is
important to understand the behaviour of the pectin solutions when subjected to

the stress of spraying. Liquids can be broadly classed as Newtonian, or Non-
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Newtonian. With the former, the viscosity remains unaltered by stress placed on
it, and can be said to have no shear thinning or shear thickening properties.
However, with Non-Newtonian fluids, the viscosity is dependent on the forces
placed upon it and can either thicken (increase in viscosity) or thin (decrease in
viscosity) in response to increased shear stress (Sedaghat, 2017). During the
spraying process, the solution being sprayed will be subject to high shear stress
upon leaving the spray device. To accurately determine the parameters for the
rheological viscosity measurements, the shear stress should be calculated for the

application of the material (Fernando et al., 2000).

Rheological measurements can be used to give information on whether a
material can be classed as a gel, and the gel properties. Amplitude sweeps can
be carried out to determine the limit of the linear viscoelastic range (LVER) of

a material and the point at which it is no longer a gel (Paar, 2023).

=

Figure 3.2 — Schematic showing the direction of force applied to hydrogel
samples on a rheometer when carrying out amplitude sweep tests. Gel is shown
in blue; schematic shows the parallel plate method.

For these tests, the frequency of the oscillation is kept constant, but the distance
travelled by the upper plate increases, indicated by the arrows in Figure 3.2. The
storage modulus (G’) is a measure of the deformation energy or elastic energy
stored by the test material. The loss modulus (G”) is a measure of the
deformation energy used by the test material when sheared and is a measure of

the viscous properties of the material (Mezger, 2014).

If G' > G” then the material is considered to be a gel or solid. If G” > G’ then the
material is a liquid, and the point at which G’ = G” is the gelation point, or the
point at which the material changes state due to the strain applied on it (Stojkov
et al., 2021). The region plotted where G’ and G" are parallel is considered the
LVER. When the limit of the LVER is reached, G’ begins to decrease rapidly.

This limit is essential when carrying out further tests, such as oscillatory tests,
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however, for the purposes of this study, an amplitude sweep was carried out to
confirm pectin forms a gel and to give an indication of the stiffness of the gels
formed (Mezger, 2014).

Measuring the Young’s modulus (E) involves placing tension or compressional
stress on a material to determine the elastic properties and the point at which it

permanently deforms, shown in Figure 3.3 (Britannica, 2022).

—

Figure 3.3 — Schematic showing the direction of force applied when testing the
Young’s modulus on a texture analyser by compressing the material until it
breaks. Gel is shown in blue.

It is measured as E = stress/strain and provides information on how easily
materials can be deformed or stretched. It is calculated by dividing stress by
strain on the linear region on the plot from the texture analyser. Brittle materials
tend to be able to withstand a lot of stress (are very strong) but will deform
suddenly, whereas plastic materials will stretch, and therefore can withstand a
higher strain before deforming.

In terms of characterising hydrogel materials for cell delivery purposes,
measuring the G', G”, and Young’s modulus can be informative on whether a
particular material will match the properties of the tissue/region of the body it is
intended for, and to confirm gelation of the pectin in response to Ca®* The
storage modulus and Young’s modulus values are useful as cells are responsive
to the mechanical properties of the environment within which they are cultured
(Discher, 2005, Janmey et al., 2019). This includes material stiffness, but also
the elastic properties and topography. The properties of the environment are also
an important consideration for cell division and stem cell differentiation, as
many factors including the mechanical properties influence this (McMurray et
al., 2015). Altering the stiffness of the environment also influences the
organisation of the cytoskeleton within cells, which changes the morphology of
cells (Doss et al., 2020).
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3.1.6. Cytotoxicity testing

Cytotoxicity testing is carried out on medical devices to ensure the materials they
are made out of is not going to cause harm when used by patients (Li et al.,
2015). International Organisation of Standardization (ISO) standards are in place
to ensure consistent, and quality assured testing. ISO 10993 is in place for the
biological evaluation of medical devices. Most relevant for the study using
pectin was “ISO 10993-5, Biological evaluation of medical devices — Part 5:
Tests for in vitro cytotoxicity” ([ISO], 2009) and “ISO 10993-12, Biological
evaluation of medical devices — Part 12: Sample preparation and reference
materials” ([1SO], 2012).

ISO 10993-5 details the protocol for in vitro cytotoxicity testing, including
specifications for culture vessels, cell lines on which to test materials, extraction
vehicles for extraction testing, length of times, and the parameters for
determining whether a material is deemed to be cytotoxic. A quantitative
indication of cell viability is preferred, and one method includes the reduction of
a vital dye. PrestoBlue is a resazurin-based assay, relying on the penetration of
the dye into the cell and reduction if the cell is metabolically active. As
metabolism is essential for cell survival, PrestoBlue assays are an indicator of
cell viability (Xu et al., 2015).

ISO 10993-12 details the parameters for sample preparation; the best match
should be selected depending on the sample type. Within the 1SO document,
there is a table detailing the extraction ratio to be used depending on the material
size and shape, reproduced below ([ISO], 2012):

Thickness (mm) Extraction ratio | Examples of forms of materials
(surface area or
mass/volume)
<0.5 6 cm?mL Film, sheet, tubing wall
05t01.0 3 cm3mL Tubing wall, slab, small, moulded
items
>1.0 3 cm?mL Larger moulded items
>1.0 1.25 cm?/mL Elastomeric closures
Irregularly shaped 0.2 g/mL Powder, pellets, foam,
solid devices non-absorbent moulded items
Irregularly shaped 0.1 g/mL Membranes, textiles
porous devices (low-
density materials)
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As a hydrogel, pectin does not ideally fit any of the example forms of materials
detailed, however the row for irregularly shaped solid devices was selected. The

suggested extraction ratio was 0.2 g/mL extraction vehicle.
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3.2. Hypothesis, aims, and objectives

3.2.1. Hypothesis

e Pectin has suitable mechanical and biocompatibility characteristics for cell

delivery to the brain.

3.2.2. Aims

e Evaluate the effectiveness of the activated charcoal method for the
purification of pectin.

e Screen diluents, pectin grades, pectin concentrations and calcium
concentrations for appropriateness for forming hydrogels for use in cell
delivery.

e Evaluate mechanical properties of pectin hydrogels formed.

e Evaluate cytotoxicity of pectin hydrogels.
3.2.3. Objectives

e Determine the levels of protein in the pectin samples before and after
purification as a measure of the efficacy of pectin purification.

e Assess the hydrogels formed when pectin is dissolved in water, 1xPBS, 0.9%
NaCl, when the pH has been adjusted to 7.4 and using a range of calcium
concentrations.

e Measure the viscosity of pectin solutions at shear rates relevant to spraying
using the chosen spray device, the mucosal atomisation device (MAD)
syringe sprayer.

e Measure the G, G” and Young’s modulus of pectin hydrogels made using
conditions selected from qualitative gelation screen.

e Assess the metabolic activity of SH-SY5Y cells following the addition of
either pectin hydrogels, or cell culture media incubated with pectin

hydrogels.
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3.3. Method design

Four pharmaceutical grades of pectin were supplied for this work by Herbstreith
and Fox (CU-701 and CU-L), and CP Kelco (LM-102 and LM-104). These were
not cell grades of pectin therefore; an activated charcoal purification method was
used to remove unwanted contamination from the pectin. FTIR spectroscopy and
a BCA protein assay were carried out on the purified pectin to determine any
structural changes and the reduction in protein content. Once purified, a
qualitative gelation screen was carried out to determine the effect of dissolving
pectin in isotonic and pH adjusted diluents on calcium-induced gelation. This
was repeated by spraying the pectin before gelling to ensure the pectin solutions
could be sprayed and still form gels. Gelation of pectin and mechanical strength
was testing using an amplitude sweep and texture analyser to determine the
LVER and Young’s modulus of pectin gels. This concentration reflects the
calcium concentration that gave the best cell viability in the cytotoxicity testing
(100 mM); concentrations tested in cytotoxicity testing were 25, 50, and 100
mM.

3.3.1. Calculations for viscosity testing

Viscosity measurements were taken between shear rates 100-10,000 1/s to
represent the higher shear rates experienced during spraying. The selection of
this shear rate range was confirmed with the following equations and

calculations:

~<
Il
S <

Equation 1

Where v = velocity (m/s) and h = distance (m), therefore the unit for shear rate

(y) is inverse seconds.

To calculate the velocity of a fluid, the following equation is used:

Equation 2

Where Q = flow rate (m%/s) and A = the cross-sectional area, in this case the area

of the hole in the spray device.
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The values shown in Table 3.1 were specifically measured and calculated based

on the dimensions and flow rate of the MAD sprayer.

Table 3.1 — Values when calculating the shear stress on a fluid when
expelling it from the MAD sprayer.

Q =25x10"m¥/s 1 mL of fluid is expelled through the
spray device in 4 seconds

A =3.14 x108 m? Spray device ejection hole is 0.2 mm
in diameter

v =7.958 m/s 2.5x107/3.14 x10°®

h =0.0001 m Distance travelled through the
ejection hole in spray device

vy =7,958 1/s Shear rate based on calculated
velocity and distance through spray
device hole

3.3.2. Cytotoxicity testing

The cytotoxicity was carried out using the ISO 10993-5 and -12 to guide the
experiment. The SH-SY5Y cell line was selected as it fulfils the requirement of
being a well-characterised cell line, and is of human origin, the same species as
the hMSCs being sprayed and delivery to humans is the intended final goal for

the development of this sprayed cell and pectin therapy.
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3.4. Results

The aim was to evaluate how effective the activated charcoal method is for pectin
purification, adapted from the method described by Neves et al. (2015). The
results of protein content analysis and FTIR are summarised below. The results
of the gelation screen, mechanical strength and viscosity testing, and the
cytotoxicity tests to evaluate the suitability of pectin for cell delivery, are also

summarised below.

3.4.1. Purification — Protein content of pectin samples
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Figure 3.4 — Protein content of pectin samples (0.5% w/v in 1xPBS): pre and
post purification using activated charcoal method; protein determined by BCA
protein assay. BCA assay standard curve was used to determine protein content
values for pectin samples. Samples were tested in duplicate (n) on using three
batches (N) (N=3, n=2). Error bars show standard error of the mean (SEM).
Paired T-test was used to determine statistical significance of each pectin grade
before and after purification. * show P < 0.05.

Figure 3.4 shows the results of the BCA protein assay carried out on the four
grades of pectin samples before and after purification. Samples were prepared at
0.5% w/v concentrations in 1xPBS. A standard curve was prepared, and this was
used to calculate the protein content in pectin as pug/mL, which was converted to

pg/mg of pectin.

In all grades of pectin, there is a reduction in the protein content after
purification. However, CU-L is the only grade that demonstrates a statistically

significant reduction.
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3.4.2. Purification — FTIR spectra of pectin samples
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Figure 3.5 — FTIR spectra of the different grades of pectin powder. A pre- and B
post-purification by activated charcoal. Relevant peaks to the pectin structure
and wavelengths are as follows: O-H 3350 nm, C=0 1740 nm, COO" 1600 nm,
C-0 1090 nm, CH-O-CH 1017 nm.

Figure 3.5 shows the FTIR spectra of pectin samples before and after
purification. The highlighted peaks are those associated with the structure of
pectin (ThermoScientific, 2015, Koziot et al., 2022). In all grades of pectin, the
highlighted peaks were retained after purification. A reduction in the intensity of
the -OH peak is observed in the LM-102 pectin grade. The LM-102 spectra also
appeared more uniform with the other grades following purification, suggesting

there were small amounts of contaminants removed.

79



Pectin characterisation

3.4.3. Gelation screen — Pipetted pectin solutions
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Figure 3.6 — Strength of different grades of pipetted pectin gels formed at different
% w/v concentrations, in different diluents, with pH adjusted to 7.4, using varied
concentrations of calcium. Calcium concentrations shown are the concentrations of
solution used to form gels. Gels were ranked from 0 (no gelation) to 5 (firm gel that
can be handled without breaking). Gels were allowed for form for 60s before images
were collected to confirm consistent scoring. N=2, all samples were scored in one
batch to reduce variability.
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Gels formed with all pectin grades and in all diluents and pH values that were
tested with higher calcium concentrations. In almost all conditions, a correlation
was seen between increasing pectin concentration or calcium concentration and
an increase in observed gel strength. The use of isotonic diluents (0.9% NaCl
and 1xPBS) did not result in weaker gels in the pectin grades CU-701, CU-L or
LM-104 compared to dH2.0. LM-102 saw a slight reduction in the strength of
gels formed in 1 and 2% w/v in 1XPBS pH 7.4 and 2% w/v in 0.9% NaCl. In all
pectin grades, the strongest, or equal strongest, gel was formed with 0.9% NaCl
at pH 7.4 as the diluent. A possible explanation for the difference in gel strength
between gels formed in 0.9% NaCl and 1xPBS is a reaction between sodium
phosphate (Na2HPO4) found in 1xPBS, and CaCl» used to induce gelation. This
reaction results in the formation of tricalcium phosphate (Cas(POs)2), a
precipitate which would reduce the amount of calcium ions available for

crosslinking of the pectin chains, leading to the formation of weaker gels.

CU-701 in 0.9% NaCl at 2% w/v formed a gel without the addition of CaCl>
which was strengthened with the addition of >2 mM CaCl,. This gelation was
reversed when NaOH was added to increase the pH to 7.4. LM-104 had the
greatest sensitivity to calcium chloride overall as gelation occurred with the
lowest concentrations of calcium. Concentrations of calcium below 10 mM were
not sufficient to form self-supporting gels in any of the grades of pectin tested.
At the highest concentration of calcium tested (50 mM), the observed gel
strength correlated with the DM; LM-104 and CU-L had the lowest DM and

formed the strongest gels.
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3.4.4. Gelation screen — Sprayed pectin solutions
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Figure 3.7 — Strength of different grades of sprayed pectin gels. Formed at
different % w/v concentrations, in different diluents, with pH adjusted to 7.4,
using varied concentrations of calcium. Calcium concentrations shown are the
concentrations of solution used to form gels. Gels were ranked from 0 (no
gelation) to 5 (firm gel that can be handled without breaking). Gels were allowed
for form for 60s before images were collected to confirm consistent scoring.
N=2, all samples were scored in one batch to reduce variability.
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Gels formed in all diluents and pectin concentrations that were tested with higher
calcium concentrations. CU-701 at 1.5 and 2% wi/v could not be tested as they
were too viscous to pass through the spray device. At 50 mM CaCl
concentration, a weaker gel formed in the sprayed condition compared to the
pipette condition in some of the diluents for all grades of pectin. Self-supporting
gels were not formed when calcium concentrations were below 10 mM, however
some increases in perceived viscosity were observed when imaging. This was
most evident in the LM-104 grade of pectin, which began forming gels at the
lowest concentrations of calcium compared to the other grades. The
concentration of calcium required to increase the viscosity was also reduced
when comparing the sprayed pectin to the pipetted pectin. This was especially
evident for LM-104, which scored a 1 on the qualitative score with a pectin

concentration of 2% w/v and 1 mM CaCl..
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3.4.5. Rheology — Viscosity of pectin solutions
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Figure 3.8 — Viscosity of 1% wi/v purified pectin solutions made in 1xPBS.
Viscosity measurements were carried out using a cone-and-plate instrument set
up. 25 measurements were taken logarithmically from 100-10,000 1/s, with
measurement times ranging from 1-25 s with a logarithmic ramp. the plate was
set to 25 °C. Error bars show the standard deviation, n=3. Shear rate vs viscosity
Is shown in A, and shear rate vs shear stress is shown in B.

Figure 3.8 shows the viscosity of 1% wi/v pectin solutions. The cone-and-plate
measurement set up was used as pectin samples do not show edge drying during
the measurement time (Mezger, 2014). The shear rate was increased
logarithmically from 100-10,000 1/s, with 25 measurements taken within that

range.
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Samples demonstrated some slight shear thinning properties over the measured
range, with viscosity decreasing from 19.4 mPa-sto 11.1 mPa-s in CU-701, 13.4
mPa-s to 9.6 mPa-s in LM-104, 11.5 mPa-s to 8.1 mPa-s in CU-L, and 7.1 mPa-s
to 5.6 mPa-s in LM-102. The linear relationship between shear stress and strain
shown in Figure 3.8B demonstrates the shear thinning properties observed in

Figure 3.8A are only minor overall.
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3.4.6. Rheology — Amplitude sweep of pectin gels
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Figure 3.9 — Storage (G’) and loss (G’”) modulus of purified pectin (1 % wi/v in
1xPBS) gels. Formed using 50 mM CaCl: (final concentration 8.33 mM) using
the different grades shown. Gels were allowed to form for 3 minutes on the plate,
set at 37 °C prior to measuring. 25 measurements were taken using 25 mm
parallel plates, between 0.01-100 % strain at 10 rad/s, increasing the strain
logarithmically. Samples were tested in duplicate on three separate occasions
with fresh pectin solutions on each occasion (N=3, n=2). Error bars show the
standard deviation.

Figure 3.9 shows the viscoelastic measurements for the four grades of pectin
gelled with CaCl,. Gels were formed directly on the plate for 3 minutes at 37 °C
before measurements were taken. The plots demonstrate that all four grades of
pectin formed gels as the storage modulus is higher than the loss modulus for all
but the higher strain rates. At this point, the structure of the gels had broken
down. The limit of the LVER for all four grades of pectin, and the storage

modulus at 1% strain is shown in Table 3.2.

Table 3.2 — Summary of the LVER limit and the G’ value at 1% strain.

CuU-701 10 127.8
CU-L 3.16 487.5
LM-102 14.7 102.6
LM-104 6.8 379.0
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3.4.7. Young’s modulus of pectin gels

Table 3.3 - Young’s modulus of purified pectin gels. Formed with 1% w/v pectin
in 1xPBS and 100 mM CaCl. solution (final concentration of 9 mM).
Measurements were taken in triplicate.

Grade Young’s modulus
- (Pa

CU-701 100.08

CU-L 152.09

LM-102 110.21

LM-104 153.06

Stress (Pa)

1000 }F——m————————————
0 5 10

Strain (%)

Figure 3.10 — Linear region of the stress-strain curves used to calculate the
Young’s modulus of the 1% w/v pectin hydrogels shown in Table 3.3.

Table 3.3 shows the Young’s modulus for the four grades of pectin as determined
by applying a uniaxial strain by compression using a texture analyser. Figure
3.10 shows the linear region of the stress train plots obtained from the texture
analyser and used to calculate the Young’s modulus. LM-104 and CU-L have
the highest values, and LM-102 and CU-701 have the lowest values.
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3.4.8. Cytotoxicity testing — Pectin gels in direct contact with SH-SY5Y
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Figure 3.11 — Direct cytotoxicity testing of purified pectin hydrogels (1% wi/v).
Pectin hydrogels were formed with varying concentrations of calcium. 100 pL
of pectin solutions were added to 10 pL of calcium at concentrations stated to
induce gelation. Pectin hydrogels were placed onto confluent SH-SY5Y cells in
culture for 24 hours. Metabolic activity was assessed using a PrestoBlue assay.
Experimental conditions were run in triplicate on three separate occasions, using
cells from different passage numbers on different days (N=3, n=3). Error bars
show standard error of the mean. One-way ANOVA with a Dunnett's post-test
was carried out to determine statistical significance between tested hydrogels
and an untreated control. ** shows P<0.01, **** shows P<0.0001.

Figure 3.11 shows the results of the direct cytotoxicity testing using the four
grades of pectin to form gels at three different concentrations of CaCl,. There

were no statisitically significant differences in the metabolic acitivity of cells in
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direct contact with any of the amidated pectin gels (LM-102 or LM-104). Both
non-amidated pectin gels (CU-701 and CU-L) formed with 25 mM CaCl;
showed a statistically significant reduction in the metabolic activity compared to
the control. Across the four grades of pectin, there was a correlation between a
higher CaCl> concentration used to form the gels, and a higher metabolic activity

of the cells compared to the control.
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3.4.9. Cytotoxicity testing — Pectin gel conditioned media on SH-SY5Y
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Figure 3.12 — Elution cytotoxicity testing of purified pectin hydrogels (1% wi/v).
Formed with varying concentrations of calcium. 100 pL of pectin solutions were
added to 10 pL of calcium at concentrations stated to induce gelation. Pectin
hydrogels were incubated in cell culture media for 24 hours, before the media
was transferred onto confluent SH-SY5Y cells in culture. Metabolic activity was
assessed using a PrestoBlue assay. Experimental conditions were run in triplicate
on three separate occasions, using cells from different passage numbers on
different days (N=3, n=3). Error bars show standard error of the mean. One-way
ANOVA with a Dunnett's post-test was carried out to determine statistical
significance between tested hydrogels and an untreated control. **** shows
P<0.0001.

cells
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Figure 3.12 shows the results of the elution cytotoxicity testing of the pectin
hydrogels. There were no statistically significant differences between the pectin
elution test conditions and the control. An increased CaCl> concentration used
to form the gels correlated with an increase in metabolic activity of the cells; all
grades of pectin the highest metabolic activity was observed when 100 mM

CaCl, was used to form the pectin hydrogels.
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3.5. Discussion

Four grades of low-methyl (LM) citrus pectin were evaluated for their
purification, gelation, viscosity, and cytotoxicity. They differed in the degree of
methylation (DM) and the degree of amidation (DA), and were from two
different suppliers, summarised in Table 2.2. Both pectin grades supplied by CP
Kelco were amidated (LM-102 and LM-104), and both from Herbstreith and Fox
were non-amidated (CU-701 and CU-L).

3.5.1. Purification

Some investigations into pectin for cell delivery employ a pectin purification
step. Munarin et al. opted for a two-step ethanol wash, followed by activated
charcoal after functionalisation (Munarin et al., 2011, Munarin et al., 2012a).
Neves et al. (2015) opted for activated charcoal. Both methods were trialled
early on in this work, however activated charcoal was chosen as the product of
the ethanol wash was difficult to handle and the process resulted in a larger loss

of pectin than the activated charcoal method.

Following purification, efforts were made to analyse the products using the same
techniques used by Neves et al. (2015). Little detail was given on the method
used to analyse polyphenol contamination; therefore, this could not be
replicated. As the pectin grades demonstrated biocompatibility in the
cytotoxicity testing, in the interest of time, other methods of polyphenol
quantification were not explored. In the paper, endotoxin analysis was
outsourced to an external company. Due to the number of samples here, a litmus
amoeba lysate (LAL) chromogenic endotoxin kit was purchased to carry out the
analysis in house, however highly variable results were observed, and no reliable
conclusion could be drawn from the results. Again, due to time constraints and

biocompatibility demonstrated, further testing was not undertaken.

The BCA protein assay used was validated to ensure the pectin samples were not
interfering with the results. The BSA (bovine serum albumin) standard was
spiked into the pectin samples at known concentrations and analysed following
the assay protocol. The concentration spiked into samples corresponded with the
concentration detected. The paper by Neves et al. (2015) used only the CU-701

and quoted a 70% reduction in protein content following the purification. In this
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thesis, a 13.88% reduction in protein content was seen after purification using
the CU-701 grade, implying the purification protocol when carried out here was
less effective than that in the 2015 paper. The percentage reduction seen for
CU-L was 48.84%, for LM-102 was 46.53% and for LM-104 was 8.48%, again
implying the purification protocol was less effective on all grades of pectin
studied here compared to the 2015 paper. Despite the lower reduction in protein
content, the physical appearance of the pectin changed from pale yellow in
colour, to white. Solutions made using the purified pectin were colourless,
compared to yellow using the pectin before purification, indicating the removal

of contaminants.

To ensure only unwanted contaminants such as protein were removed, and the
structure of the pectin was not lost, FTIR spectra were compared before and after
purification. The peaks associated with the structure of pectin are all still present
after purification, suggesting the structure of pectin is unaltered. The bonds
highlighted in Figure 3.5 are all found in or between the GalA sugar residues in
the pectin chains.

3.5.2. Characterisation of pectin solutions and gelation

Following the results of the purification, all further work was carried out on
pectin purified using the activated charcoal method, including the
characterisation of the solutions and gels. To be classed as a gel, or a viscoelastic
solid, a material must not relax or flow under mechanical stress. There are a
variety of table-top rheology methods that can be employed to determine
whether this is the case. Often chosen is the vial inversion test, whereby a
material is deemed to be a gel if it does not flow when inverted (Raghavan and
Cipriano, 2006). However, an alternative method was used here to compare the
effect of spraying pectin to pipetting pectin on gel strength, and assess the effect
of different diluents, pH, calcium concentrations, and pectin concentrations due
to easier use with spraying. In addition to being easier to use and less time

consuming, the glass slide method minimised consumable waste.

The conditions chosen for the study were to determine the effect of an increase
in pH, and the presence of salts in the diluent on gelation. Monovalent cations
can bind to, and shield the charges on pectin chains, preventing interactions with

Ca?*, thereby preventing cross-linking of the chains and gelation (Fan et al.,
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2021). However, these salts are essential for pectin solutions to be isotonic and

compatible with the encapsulation of cells (Arango et al., 2013).

Overall, changing the diluent and adjusting the pH to 7.4 did not prevent the
gelation of the pectin grades using Ca?*. Changing the diluent to 0.9% NaCl did
present an issue in the grade CU-701 at 2% w/v pectin. This grade has the highest
degree of methylation, of 37%. High methyl (HM) pectin, (with a DM >50%)
has a different gelation mechanism to LM pectin. Due to the higher abundance
of methyl groups and fewer carboxylic acid groups, HM pectin is less water
soluble, and gelation occurs due to hydrophobic interactions. This gelation is
strengthened when the solution is acidified, due to carboxylic acid groups
becoming deionised, reducing their water solubility. The presence of sugars or
salts reduces the water solubility further, stabilising the hydrophobic interactions

and causing gelation (Sriamornsak, 2003).

As CU-701 has the highest DM and the lowest pH in solution, it may be possible
that there is some gelation occurring as a result of the HM pectin gelation
mechanism. Alternatively, the presence of the sodium and chloride ions may
reduce the solubility of pectin when at the higher 2% wi/v, and therefore the
gelation is actually precipitation of the pectin. However, the ionic strength of
both 0.9% NaCl and 1xPBs is very similar: 0.154 M and 0.152 M respectively.
Therefore, if this is seen with 0.9% NacCl, it would also be expected with 1xPBS.
Adjusting the pH of the 2% w/v CU-701 pectin sample in 0.9% NaCl reversed
the gelation observed at a lower pH, suggesting the mechanism may be due to

charge shielding as described above.

Despite stronger gels forming with 0.9% NaCl, 1xPBS was chosen to move
forward with as it is buffered and therefore it was much easier to adjust the pH
of the pectin solutions. When dissolved in 0.9% NacCl, the pectin solutions were
very susceptible to large changes in pH with a small addition of NaOH due to
the lack of buffer.

Spraying the pectin solutions, compared to pipetting, tended to increase the
sensitivity of the grades to calcium, but reduced the strength at the higher
concentrations of calcium. This may be due to the gel formed being thinner when
sprayed and therefore the perceived strength is weaker. It may also be due to the
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pectin forming droplets as it is sprayed, which may have formed small gel
droplets when hitting the calcium covered microscope slide. These droplets may
not be cross-linked as effectively as the bulk pectin gel formed by pipetting
therefore, the gel appears weaker. The small droplets resulting from spraying
may have enhanced the sensitivity to calcium at the lower concentrations as
droplets have a larger surface area to volume ratio than the pipetted pectin, and
therefore a higher surface area was available to cross-link with calcium ions. 1%
w/v pectin solutions were chosen for progression to viscosity measurements as
they appeared less viscous and passed through the spray device more easily with

fewer blockages during the gelation screen.

1% wi/v pectin was also chosen as viscosity is an important consideration for the
spray delivery of cells, as published data suggests a lower viscosity correlates
with a higher viability of delivered cells (Hendriks et al., 2015). For that reason,
ideally a pectin solution would show shear thinning properties, or behave as a
Newtonian fluid. Shear thickening would be problematic, as an increased
viscosity may result in inconsistent spraying, blockage of spray devices, and
inconsistent cell viability and delivery. For viscosity data as shown in Figure 3.8,
there is a linear relationship between the shear rate and shear stress, indicating
the solutions are behaving as Newtonian fluids. For viscosity versus the shear
rate, there is a slight decrease in viscosity at higher shear rates, suggesting there
are slight shear thinning properties in all four grades of pectin. This is consistent
with published data using low concentration solutions of pectin (Chen et al.,
2020a, Peighambardoust et al., 2021). Amidation of pectin increases the
solubility of pectin, allowing for more hydrogen bonding between water and
pectin chains (Belkheiri et al., 2021), however this did not clearly affect the
viscosity of the pectin grades. This hydrogen bonding of amide groups has also
been suggested to stabilise cross-linking during gelation, therefore increasing the
stiffness of pectin gels. This is more applicable to gels formed at a low pH
(Fraeye et al.,, 2010) and was not observed during the amplitude sweep or

Young’s modulus tests carried out.

The storage modulus and the Young’s modulus can give an indication of the
stiffness of gels formed by the different grades, using the same concentration of

pectin and calcium. CU-L and LM-104 had higher storage moduli and Young’s
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moduli than CU-701 and LM-102. This suggests, at least for these four grades,
the presence of amide groups does not result in stronger or weaker gels. The
viscosity of the pectin in solution did not seem to correlate with an increased
stiffness of the gel.

CU-L and LM-104 have the lower degrees of methylation of the four grades,
with 28% and 27% respectively, and this correlated with a higher gel stiffness.
Gels form due to the ionic interactions of the negatively charges carboxylic acid
groups (COO") and divalent cations, most commonly (and used throughout in
these studies) is calcium. The lower the DM, the higher the number of free
carboxylic acid groups are present and available to interact with Ca?", therefore,

more cross-linking between pectin chains occurs.

Brain tissue has a relatively low stiffness when compared to other tissues in the
body. Values measured in the literature vary depending on the species of the
tissue and the method used, however values for the Young’s modulus (E) of the
whole organ tends to be around 0.5 kPa (Saha et al., 2008). All pectin grades
tested had a Young’s modulus below 0.5 kPa when formed with 100 mM

calcium.

Having established during the gelation screen that gels formed with a calcium
concentration >25 mM could be handled, these were able to be used in the
cytotoxicity testing carried out. Tests were carried out on SH-SY5Y human
neuroblastoma cells. Whilst originally derived from bone neuroblastoma, they
have a neuron-like appearance when grown in culture and are often used in
simplistic in vitro models of neuropathology (Liu et al., 2018). They fit the ISO
requirement of using a well-characterised cell line, and are a relevant cell type,
being both human and neuron-like in phenotype. Testing was carried out using
the direct contact, and extract method described in ISO 10993-5. The direct test
is carried out by placing the material directly on the cells in culture, with the
material having a surface area in contact with the cells equivalent to
approximately 10% of the growth surface area. The material is in contact with
cells for 24 hours before measuring viability. Extract testing was carried out by
incubating the material in culture media for 24 hours at 37 °C; the conditioned
media was then added to cells for 24 hours before viability assessment. The
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PrestoBlue assay was used as a suitable method of determining cell viability and

cytotoxicity according to 1ISO 10993-5.

There were no statistically significant differences between the metabolic activity
of the untreated control cells and the cells treated with the extraction media from
all grades of pectin formed with all concentrations of pectin. However, there was
a trend observed which showed a higher metabolic activity in cells incubated
with extract media from pectin gels formed with higher concentrations of
calcium. This trend of increasing metabolic activity with increasing
concentrations of calcium was also observed in the direct method testing. There
was a statistically significant reduction between the metabolic activity of control
cells and those in direct contact with CU-701 and CU-L pectin gels formed using
25 mM CaCl; solution, where the metabolic activity of the cell population was
reduced by 16% and 19% respectively. Based on ISO 10993-5, the reduction is
not enough for the material to be classed as cytotoxic; a reduction greater than

30% by qualitative testing is considered cytotoxic.

Pectin solutions and pastes have a history of biocompatibility in humans as a
plasma expander (Hartman et al., 1941, Popper, 1945) and wound dressings
(Maclay et al., 1944), therefore biocompatibility in the cytotoxicity testing was
expected. The trend shown here of decreased Ca®* concentration correlating to
decreased metabolic activity is the inverse of what has been shown in published
data for alginate, (also cross-linked with Ca?*), whereby increasing Ca?*
concentration correlated with decreasing viability (Cao et al., 2012). However,
pectin is more sensitive to Ca?* gelation, therefore it may sequester calcium from
the cell culture media, a hypothesis put forward in a recent study showing pectin
to be biocompatible in in vitro testing on the U87 glioblastoma cell line and
human astrocytes (McCrorie et al., 2020). This could explain the trend observed
between lower calcium concentration and a reduction in metabolic activity. Due
to the lowest metabolic activity in all cytotoxicity tests being in the 25 mM
calcium pectin gels, and the highest being in the 100 mM calcium pectin gels,

this higher concentration was taken forward into further studies.

3.6. Conclusions
The activated charcoal purification method did not change the structure of

pectin, however only limited protein removal was seen, and endotoxin removal
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could not be quantified. Calcium induced gelation was observed with all pectin
grades dissolved in both 0.9% NaCl and 1xPBS, and when pH was adjusted.
1xPBS at pH 7.4 was the diluent taken forward, and amplitude sweep tests
confirmed gelation in all pectin grades. This demonstrates that isotonic pectin
gels with appropriate pH can be formed for the purpose of cell delivery to the
brain. Gels formed were not deemed to be cytotoxic when tested using the ISO
10993 for guidance. Gels formed with 100 mM CaCl> solutions demonstrated
the highest metabolic activity in all pectin grades, so this concentration was used

in the cell delivery in pectin studies, reported in Chapter 4.
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Chapter 4 Cell spraying

4.1. Introduction

4.1.1. Spray delivery of cells

As discussed in Chapter 1, spraying of therapeutic cells has been investigated
for a range of indications. The spray devices commonly studied were airbrush
devices which used pressurised air to generate the aerosol (Veazey et al., 2005,
De Windt et al., 2015), or less commonly they used pressurised liquid through a
spray nozzle attached to a syringe (Peirce and Carolan-Rees, 2019).

A ... B Liquid c
Pressurised liquid Air q Air Pressurised liquid

Figure 4.1 — Schematics of three different spray nozzles, A simple liquid
pressure nozzle, B air atomising nozzle, and C a turbulent liquid pressure nozzle.
Figure created in BioRender.

In the simple liquid pressure nozzle, high liquid pressure generates a spray,
which is possibly too high for cells to survive, and will more commonly generate
a jet of liquid. In the air atomising spray nozzle devices, pressurised air breaks
the stream of liquid into smaller droplets which are then expelled from the device
through a narrow orifice (Andrade et al., 2012). Air pressure and orifice size can
be controlled, which in turn will control droplet size. The turbine spray device
has a vane within the nozzle which spins when a stream of liquid passes through.
This disrupts the stream of liquid, forming droplets as it leaves through the
orifice, and is the basis for generating a spray in the mucosal atomisation device
(MAD) chosen for this study (Denton, 2022).
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Table 4.1 — Spray device name and nozzle category of devices studied for
use in cell delivery.

Mucosal atomisation Turbulent liquid pressure (Denton, 2022)

device (MAD)

MicroSprayer® Liquid pressure with (Kardia et al., 2014,

Aerosolizer undisclosed aerosol Kim et al., 2016)
generating components at tip

Airbrush spray Air atomising nozzle (Pehlivaner Kara and

Ekenseair, 2016,
Schwartz et al., 2017,
Veazey et al., 2005)
Tissomat™ spray kit Air atomising nozzle (Harkin et al., 20086,
Zimmerlin et al., 2013,
Falanga et al., 2007)

Pneumatically assisted  Air atomising nozzle (Zhang et al., 2022)
atomisation device

(PAAD)

ReCell® kit Liquid pressure nozzle (Wood et al., 2012)
Endoscopic pressure Liquid pressure nozzle (Thiebes et al., 2021)
atomisation device

Endoscopic air Air atomising nozzle (Thiebes et al., 2021)
atomisation device

LMA MADgic Turbulent liquid pressure (Kim et al., 2016)

Table 4.1 shows the names of the devices, spray nozzle category, and reference
in which the nozzle is used for cell delivery. When spraying cells, to ensure a
possibility of cell viability being maintained, the droplet size needs to be larger
than the cell size, or the membrane of the cell will be disrupted, and the cell
killed when it leaves the device (Kardia et al., 2014). It was hypothesised that
this was the case with the MicroSprayer® Aerosolizer, a syringe sprayer used to
spray both fibroblasts and HeLa cells. The droplet size (25-30 um droplet) from
the device was too small for HeLa cells (~30 um diameter) which had poor
survival, however the smaller fibroblasts (~15 pm diameter) survived the
spraying process (Kardia et al., 2014).

In addition to droplet size, high shear stress within the device also carries the
possibility of disrupting the cell membrane, therefore this needs to be considered
when selecting the spray device. This has been demonstrated numerous times
using pressurised air devices; a higher air pressure correlates with a lower cell
viability (Pehlivaner Kara and Ekenseair, 2016, Schwartz et al., 2017, Harkin et

al., 2006), and a smaller nozzle orifice correlates with a lower cell viability
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(Veazey et al., 2005, Zhang et al., 2022). When a lower air pressure is used, the
pressurised air atomising devices may be optimal for applications requiring a
large surface area coverage, such as cell delivery to burns, as the cell suspensions
can be loaded into a large volume hopper and a continuous air supply allows for
a continuous spray to be generated. However, for applications requiring smaller
cell volumes, a syringe-based spray device may offer an easier alternative, with

less equipment and fewer components to sterilise.

Some different syringe-based spray devices have been investigated for cell
delivery. The ReCell® kit, designed to harvest and deliver autologous skin cells
for wound treatment, uses a syringe-based device to deliver cells (Peirce and
Carolan-Rees, 2019). Cells demonstrated 69% viability following spraying,
which was only slightly reduced from 75% viability measured before spraying
(Wood et al., 2012). The MicroSprayer® Aerosolizer mentioned above was
investigated for delivery of airway epithelial cells which enhanced recovery in

rabbits with tracheal injury (Kardia et al., 2018).

It has been shown softer surfaces onto which sprayed cells land improved cell
viability (Hendriks et al., 2015). Also, lower viscosity of the medium that cells
are suspended within for spraying, as well as droplets travelling with a lower
velocity after spraying, both correlated with a better cell viability due to smaller
forces being exerted on the cells (Hendriks et al., 2015).

4.1.2. Spraying of MSCs

The immunomodulation effects make MSCs an interesting candidate for
regenerative medicine. Thiebes et al. (2021) compared two different endoscopic
spray devices for lung delivery of MSCs. One device used air pressure, and the
other liquid pressure, to generate a spray. Both devices delivered viable cells at
a range of cell densities, and cells retained the MSC surface markers and
trilineage differentiation potential following spraying (Thiebes et al., 2021). Kim
et al. (2016) compared two liquid pressure devices designed for airway delivery,
the MicroSprayer® Aerosolizer and the LMA MADgic device (produced by the
same manufacturers as the MAD sprayer chosen for this project). They saw
>80% viability in the sprayed cell population, and carried out further
characterisation using the LMA MADgic device (Kim et al., 2016). The results
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of both these studies suggested pressurised liquid devices can be used for the

spray delivery of viable MSCs.

4.1.3. Spray delivery materials

To prevent cells dripping off or away from the delivery site, materials can be
used to aid retention at the delivery site. Spraying biomaterials can be
particularly useful to aid delivery to uneven topographies and hard-to-reach
areas (Moakes et al., 2022). The Tisseel fibrin spray by Baxter is already used
(acellular), and was developed to control bleeding and for wound closure in
surgery and wound care settings (Macgillivray, 2003). The device combines
fibrinogen and thrombin to form a fibrin clot to aid with wound closure and has
medical approval already (Macgillivray, 2003). For this reason, many groups
have investigated the addition of a variety of cells, including MSCs, into the
system to aid recovery of wounds. Using the Tisseel fibrin spray system
(Tissomat™), retention of viability and differentiation potential has been
demonstrated using adipose derived MSCs (Zimmerlin et al., 2013), and
accelerated wound closure has been demonstrated in a trial using human patients
(Falanga et al., 2007). Therefore, the Tisseel fibrin spray has been investigated

for cell delivery for wound healing in several studies outlined in Table 4.2.
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Table 4.2 — Summary of a selection of the devices, cell types, carrier material for spraying, intended indication, and measured outcomes of studies
investigating the used of materials for cell delivery by spraying.

Tissomat™ -
air pressure
device

Tissomat™ -
air pressure
device

Tissomat™ -
air pressure
device

Airbrush
spray device
Airbrush
spray device

Airbrush
spray device

Airbrush
spray device

Keratinocytes Fibrinogen and

BM-MSCs

Stromal
vascular cells
including
MSCs
MC3T3-E1l

Rat
fibroblasts

Human
dermal
fibroblasts
Rat dermal
fibroblasts

thrombin to form
fibrin (Tisseel)

Fibrinogen and
thrombin to form
fibrin (Tisseel)

Fibrinogen and
thrombin to form
fibrin (Tisseel)
Alginate

Polyamidoamine
(PAMAM) and N-

isopropylacrylamide

(NiPAAm)-co-

glycidyl methacrylate

(GMA) gels
Gellan fluid gel

Dextran to increase
viscosity

Wound healing

Wound healing

Wound healing

Cell printing

Intestinal delivery

Wound healing

Cell
printing/modelling

10 psi resulted in no reduction in viability and slight
reduction in metabolic activity. The fibrinogen and
thrombin components were diluted, but still prevented
run-off from the sprayed surface.

Wound healing was compared in mice and humans, with
a higher cell number correlating with more wound
closure. Cells retained their surface markers and ability to
differentiate after spraying. Viability data was not shown.
Cell viability was not measured; however, cells retained
their ability to proliferate and differentiate.

Cell viability of 84% was achieved using a 240 pm
nozzle.

The lowest pressure tested (0.5 bar) demonstrated the
highest cell viability (75%). Generally, the higher the
viscosity, the lower the cell viability. The single stream
spray method resulted in total cell death. The dual stream
method was better suited using this material.

No significant difference in cell viability was seen in
sprayed vs not sprayed cells using the gellan fluid gel. The
gel prevented run off from the surface of the skin.
Increasing viscosity and pressure correlated with poor cell
viability. The model developed correlated with the
measured results.

(Harkin et al.,
2006)

(Falanga et al.,
2007)

(Zimmerlin et
al., 2013)

(Ahnetal.,
2012)
(Pehlivaner
Kara and
Ekenseair,
2016)

(ter Horst et
al., 2019)

(Hendriks et
al., 2015)
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Materials other than fibrin have also been used to aid the spray delivery of cells,
including PAMAM:NiPAAM-GMA gel (Pehlivaner Kara and Ekenseair, 2016),
alginate (Ahn et al., 2012), and a gellan fluid gel (ter Horst et al., 2019). As
discussed in Chapter 1, to be a suitable material for spraying, it must show shear
thinning properties, or be liquid during the spraying process. Viscosity is an
important factor to consider when using a material to aid the delivery of cells by
spraying. As mentioned, a high viscosity can negatively affect the viability of
the cells (Hendriks et al., 2015). The viscosity of the PAMAM:NiPAAM-GMA
gel was too high to achieve suitable cell viability when cells were sprayed within
the material, therefore a dual-spray system was established whereby the cell
suspension was sprayed through one nozzle, and the gel material sprayed
through a separate nozzle at the same time (Pehlivaner Kara and Ekenseair,
2016). Alginate (which is cross-linked with Ca?*), used for a spray-based cell
laden scaffold printing application, demonstrated 86% cell viability when
incorporated CaCl> concentrations were lowest (0.5% w/v), therefore viscosity
was lowest, and the scaffolds were stabilised after spraying by addition of more
CaCl> (Ahn et al., 2012). The gellan fluid gel investigated by ter Horst et al.
(2019) for cell delivery to the skin demonstrated shear thinning properties, with
a greatly reduced viscosity at high shear rates. The shear thinning property meant
dermal fibroblast viability was maintained during spraying, and a gel formed

after the gellan and cells had been sprayed (ter Horst et al., 2019).

The sprayed material and the spraying process may also affect the phenotype of
the cells, which may in turn affect their therapeutic potential. If the MSCs are no
longer expressing particular proteins and other components of the secretome,
this could reduce their regenerative, protective, and anti-inflammatory potential
as the secretome is key to the biological effects of MSCs in regenerative
medicine (Han et al., 2022).

4.1.4. Properties of MSCs

MSCs have been investigated for a range of regenerative medicine purposes,
including bone, cartilage, and muscle repair, as well as for neurological diseases
and injuries (Han et al., 2019). As mentioned in Chapter 1, to be designated as
MSC, cells must be plastic adherent, positive for CD90, CD105, and CD73
surface markers, and not express CD45, CD34, CD14, CD11b, CD79a, CD19,
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or HLA-DR, and be able to differentiate into osteogenic, adipogenic, and
chondrogenic lineages (Dominici et al., 2006). CD90 is a cell adhesion molecule
which has functions in inflammation and wound healing (Kisselbach et al.,
2009). CD105 (also known as endoglin) is part of the transforming growth
factor-p (TGF-B) receptor complex and has roles in promoting angiogenesis
(Mark et al., 2013). CD73 (also known as ecto-5'-nucleotidase)
dephosphorylates AMP to form adenosine, although the function does depend
on the cell type and tissue, as CD73 also has functions in binding to components
of the extracellular matrix (Minor et al., 2019). One study has shown CD73"*
populations of MSCs have more stemness than their negative counterparts, and
that they promote fracture healing in vivo (Kimura et al., 2021), suggesting
important functions in regeneration and repair. Stemness refers to the
proliferative and differentiation potential of a population of cells, and
specifically to the undifferentiated state when considering MSCs (Kuhn and
Tuan, 2010). Where the MSCs are being used to aid repair and modulate
inflammation, the differentiation of those cells may not be necessary, such as in
the case of TBI (Andrzejewska et al., 2021). Any process that negatively affects
stemness of the MSCs could negatively affect the potential of those cells in

regenerative medicine (Kimura et al., 2021).

4.1.5. MSC secretome

It was initially thought that once delivered, cells may be able to integrate and
differentiate within injured tissues for repair, however studies tracking hMSCs
delivered to rats with induced TBI have shown repair without cell integration
(Mahmood et al., 2003). It is now generally accepted that the mechanism of
action for MSCs is via paracrine signalling and the secretion of growth factors,
cytokines, and extracellular vesicles (which comprise the secretome) which are
involved in immunomodulation, regeneration, and angiogenesis (Jovic et al.,
2022, Fontaine et al., 2016).

MSCs are able to migrate to the injury site in response to inflammation (English,
2013). One study investigating MSC migration induced an inflammatory lesion
using LPS on one side of a rat’s brain and delivered MSCs on the other. MSCs
only migrated away from the delivery site in response to the inflammation at the

lesion; MSCs in rats with no inflammatory lesion remained localised at the
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delivery site (Jackson et al., 2010). This homing capacity is due to the ability of
cells to tether to the vasculature, become activated in response to inflammatory
markers, then migrate through vasculature and tissue to the site of damage in
response to chemotactic signals (Ullah et al., 2019).

MSCs have been shown to secrete many factors, including growth factors such
as vascular endothelial growth factor (VEGF) with pro-angiogenic effects,
hepatocyte growth factor (HGF) with pro-regenerative effects, and brain derived
growth factor (BDGF), nerve growth factor (NGF), and glial cell line-derived
neurotropic factor (GDNF), for neuroprotective effects (Baez-Jurado et al.,
2019). MSCs have also been shown to secrete anti-inflammatory factors such as
TGF-B, interleukin-10 (IL-10), and indoleamine 2,3-dioxygenase (IDO), which
have anti-inflammatory and immunomodulatory properties (Ferreira et al., 2018,
Baez-Jurado et al., 2019). MSCs have been shown in vitro to suppress T-cell
activation and shift macrophages from an M1 pro-inflammatory phenotype

towards an M2 anti-inflammatory phenotype (Margiana et al., 2022).

In the context of TBI, MSCs have been shown to modulate inflammation via the
secretome, showing reduced neutrophil infiltration, reduced BBB permeability,
reduced apoptosis of cells, and increased phagocytosis (Pischiutta et al., 2022).
The secretome includes extracellular vesicles or exosomes, and when these have
been isolated from MSCs, these have been shown to improve functional recovery
in rat models of TBI, having promoted angiogenesis and neurogenesis after
delivery (Zhang et al., 2015). A proteomic analysis of the secretome of human
BM-MSCs has found 315 different proteins, including growth factors and
cytokines linked to wound healing and immunomodulation (Baberg et al., 2019).
These have a positive effect on TBI outcome, as well as other neuropathologies

including stroke and disease (Baez-Jurado et al., 2019).

This immunomodulatory phenotype is enhanced by preconditioning of MSCs
using soluble factors such as interferon-y (IFN-y), tumour necrosis factor-a
(TNF-a), IL-1P (Rodriguez et al., 2019), and IL-17A (Sivanathan et al., 2017).
MSCs cultured in the presence of INF-y, TNF-a, and IL-1fB upregulate their
production of IL-10 and IL-1RA, particularly when the cells are then challenged
with lipopolysaccharide (Rodriguez et al., 2019). Hypoxia is another pre-

conditioning method currently under investigation, with the hypothesis being
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that MSCs are often found endogenously within low-oxygen areas, therefore
culturing them with low oxygen could enhance their regenerative potential;
efficacy in a variety of animal models has been demonstrated (Ferreira et al.,
2018).

3D culture of MSCs is environmentally closer to endogenous conditions and
investigations have found that pre-conditioning cells by culturing them in 3D
prior to transplant enhances their therapeutic behaviour (Wobma et al., 2018).
Culturing the cells as spheroids promotes stemness, with increased expression
of transcription factors including Oct4, Nanog, and Sox2 (Pennock et al., 2015).
Spheroid cultured MSCs showed superior engraftment following intramuscular

injection into the hindlimb of mice (Cheng et al., 2012).

Whilst harnessing the secretome seems promising as an option for a cell-free
therapy (Gonzélez-Gonzalez et al., 2020), the transfer of mitochondria between
MSCs and mouse neurons damaged by H2O: has been implicated in protection
and recovery, which occurs via direct cell-cell contact (Tseng et al., 2021).
Therefore, the use of MSCs over the secretome alone may still be beneficial for

regenerative purposes.

4.1.6. Transcriptome analysis

To investigate specific proteins secreted from MSCs, enzyme-linked
immunosorbent assays (ELISAS) can be used to directly detect proteins (Arnold,
2000b). Alternatively, polymerase chain reaction (PCR) experiments can be
undertaken to detect the mRNA responsible for the synthesis of the protein of
interest (Arnold, 2000a). Providing the ELISAs and PCRs are optimised
adequately, both methods are highly effective at quantifying levels of a particular
molecule expressed and secreted by cells. However, the methods are limited by
the number of molecules that can be realistically analysed as they both detect
one molecule at a time (Di Gaspero et al., 2022). In addition, both methods are
biased by experimental design; the proteins of interest are selected, whereas
transcriptome analysis will sequence all extracted RNA (Wang et al., 2009).
Transcriptome analysis is a technique that analyses all genes transcribed into
MRNA, therefore overcoming this selection bias. This technique is powerful and
was enabled by the development of Next Generation Sequencing of DNA
(Schuster, 2008).
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To carry out transcriptome analysis, RNA is extracted from the sample of cells
or tissue, and a cDNA library is generated from the RNA. The cDNA is then
sequenced to determine expression levels of each transcript (Ma et al., 2019).
The expression levels can then be compared to a control sample to determine
whether a particular treatment has affected the expression levels of genes
(Blumenberg, 2019). There are a number of different methods to prepare
libraries from the extracted RNA. Many methods utilise the poly-A (adenine)
tail found at the 3’ end of mRNA to separate it from other unwanted RNA (Ura
et al., 2022). This can be carried out by using magnetic beads with a poly-T
(thymine) sequence on to extract the mRNA. This mRNA is fragmented, and
reverse transcribed into cDNA, which is turned into double stranded cDNA for
sequencing. Alternatively, the poly-A tail on the mRNA can be used as a binding
site for a complementary poly-T primer to generate the first cDNA strand,
followed by random primers to bind to the cDNA to form a double cDNA strand
for sequencing (Hrdlickova et al., 2017). These steps are shown in Figure 4.2.
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Figure 4.2 — Schematic showing a summary of library preparation using poly-T
magnetic beads to capture mRNA (left), or poly-T primers (right) to go on to
generate the cDNA library for sequencing. Figure prepared in BioRender and

adapted from Ma et al. (2019).
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Both the bead extraction and the 3’ method have advantages and disadvantages.
The bead isolation method fragments the mRNA, therefore generates a bias
towards longer transcripts. These longer transcripts form more fragments,
therefore appear to have higher expression levels than shorter transcripts (Ma et
al., 2019). The 3’ method truly generates just one cDNA molecule per transcript
prior to the amplification step, as it requires no fragmentation due to using the 3’
end to bind the primer. The expression levels measured do not show transcript
length bias, however, a drawback of this method is enrichment at the 3’ end; the
library preparation does not detect different splice variants of genes, particularly
if the variants tend towards the 5’ end (Ma et al., 2019). Cost is another factor to
consider, the 3’ method libraries are cheaper per sample to prepare, making it

more accessible to researchers (Naphade et al., 2022).

Transcriptome analysis has been used to understand the effect of various
different factors on gene regulation in hMSCs. The secretome can be affected by
pre-treatment of cells with soluble inflammatory markers (Rodriguez et al.,
2019). Differential gene expression analysis has highlighted that pre-treatment
with IFN-y leads to upregulation of genes involved in the immune response,
whereas pre-treatment with IL-17A leads to the upregulation of genes such as
matrix metalloproteinases (MMPs) for chemotaxis and immunosuppression
(Sivanathan et al., 2017). The differential expression of >4000 genes was
identified following treatment of hMSCs with nanosilicates, including genes
related to stress-responsive and surface receptors, for example those in the
MAPK pathway and osteogenic differentiation (Carrow et al., 2018). A meta-
analysis of hMSC microarrays to understand the effect of donor sex on processes
involved in stemness, inflammation, and differentiation concluded sex is a
variable influencing expression of key genes involved in these processes, and
therefore could affect their therapeutic potential (Bianconi et al., 2020).
Undertaking these analyses to understand the effect of treatments or variables
can lead to the identification of pathways involved in responses to treatments

and the generation of more hypotheses for future work (Blumenberg, 2019).
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4.2. Hypothesis, aims, and objectives

4.2.1. Hypothesis:

Spraying in pectin solutions, using the MAD sprayer, is an appropriate

delivery method for cells.

4.2.2. Aims:

To determine whether viable cells can be sprayed through a pressurised
liquid turbine syringe-based device (MAD sprayer).
To determine whether pectin is suitable to spray cells in and select the

best grade for this purpose.

4.2.3. Objectives:

Assess the viability of 3T3 mouse fibroblasts, and SH-SY5Y human
neuroblastoma cells after being sprayed through the MAD syringe-based
device using prestoBlue. Use a range of cell densities to assess whether
this affects survival.
Assess the viability of primary hMSCs after being sprayed through the
MAD syringe-based device using prestoBlue, LDH, and Live/Dead
staining. Further, assess the viability of the hMSCs after being sprayed
through the MAD syringe-based device in pectin solutions using
Live/Dead staining.
Measure the effect of spraying or syringing of hMSCs in pectin solutions
on the expression of CD90, CD105, CD73, CD34, CD11b, CD19, CD45,
and HLA-DR by flow cytometry.
Assess the effect of spraying and pectin on the potential of the hMSCs to
differentiate down an adipogenic or osteogenic lineage. Assess whether
spraying or pectin induces spontaneous differentiation of the down an
adipogenic or osteogenic lineage when cultured in basal growth media.
Carry out RNA-seq on sprayed and syringed cells in pectin and 1xPBS:
a. Determine whether there is a change in the expression levels of
proteins of the secretome implicated in immunomodulation and
pro-regenerative properties.
b. Analyse the effect of pectin and spraying on the differential

expression of genes.
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4.3. Method design
4.3.1. Spray device

As discussed, the desired spray device was a syringe-based device. This has
advantages for use with cells as there is very little sterilisation of equipment
required and they are simple and easy to use. The device selected was the
Mucosal Atomisation Device (MAD) which attaches to both standard and Luer-
loc end syringes. The MAD is a patented device principally designed for nasal
drug delivery (Denton, 2022).
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Figure 4.3 — The MAD sprayer. A snows Tigures 1rom tne patent applcaion
document referenced above. The image labelled “FIG 19” is a cross-sectional
view of the device. The image labelled “FIG 22” is the turbine fluid guidance
structure. B shows a schematic of the MAD sprayer with fluid path shown.
Image created in BioRender.

For experiments with cells, the nasal shield was removed from the device as it
was not required and is otherwise an additional part requiring sterilisation. The
device claimed to have an increased efficiency as there is very little dead space
internally, shown in the part labelled “FIG 19”. This feature was useful for cell
delivery as it had the potential to minimise cells lost within the device. The part
labelled “FIG 22” is a turbine which guided fluid down the ribs (labelled “210”)
to generate the spray as fluid left the device. This was removed from the spray
device and imaged, along with the outer casing to obtain dimension (used in
Chapter 3 to calculate shear stress). The outer casing was damaged when
removing the internal turbine, but the hole through which fluid exits is still

visible.
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Figure 4.4 — Images of the turbine labelled “FIG 22” in Figure 4.3 and the outer
casing which contains the turbine and the fluid exit hole. Imaged using the Leica
M205A microscope. Dimensions were measured in FIJI.

4.3.2. Cell spraying

To test the patent claim for the reduced dead space in the MAD sprayer, which
should therefore result in fewer cells being retained within the device, cells were
counted before and after delivery by pipetting, syringing, and spraying. SH-
SY5Y cells were used for this test to understand whether any cells were lost and

whether this would affect the prestoBlue and LDH assays.
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After assessing cell retention within the device, SH-SY5Y cells and 3T3 mouse
fibroblasts were used in initial optimisation studies where the metabolic activity
and LDH release 24 hours after seeding was measured to understand the effect
of spraying and the cell density on the cells. This minimised the use of expensive
primary hMSCs.

Following optimisation with cell lines, primary bone marrow (BM) derived
hMSCs were used with the spray device and the viability, metabolic activity, and
LDH release were measured. hMSCs were used from three separate human
donors, details of which are listed in 2.4.3. The cells were then suspended in
pectin and the viability measured by Live/Dead staining and confocal
microscopy. The metabolic activity and LDH release could not be measured due
to pectin interfering with the assays. Following this, the effect of the pectin and
spraying on the phenotype was analysed by flow cytometry to measure whether
the cells are still positive for CD90, CD105, and CD73, and negative for CD35,
CD11b, CD19, CD45, and HLA-DR. Osteogenic and adipogenic differentiation
potential was assessed using two of the three donors and using CU-701 pectin.
Each condition was tested for differentiation potential using differentiation-
inducing media, and for spontaneous differentiation using control basal growth

media.

Additionally, to understand the effect of spraying and pectin on the gene
expression of the hMSCs, transcriptome analysis was carried out. CU-701 pectin
only was selected for this analysis (sprayed and syringed) based on the flow
cytometry results. The QuantSeq 3' mRNA-Seq library prep kit from Lexogen
was selected to prepare the library for sequencing. The 3’ method does not give
information on splice variants but can give more accurate information on
differential gene expression. The cells were analysed 24 hours after seeding by
syringe or spraying. This time point was chosen to remain consistent with the
timepoints tested for flow cytometry and viability, and because any change in
gene expression in response to the stress of spraying should be detectable
(Blumenberg, 2019).

The purpose of carrying out the transcriptome analysis was to understand
whether there was any up or down regulation of genes in response to the process

of spraying. Any changes in the differential gene expression analysis for the PBS
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spray versus PBS syringe, and the CU-701 spray versus CU-701 syringe
comparisons would inform of any changes in response to the spraying process.
Comparing those changes in gene expression in PBS or CU-701 pectin would in
turn inform of whether the cells respond differently to being sprayed in PBS
compared to pectin. The second purpose was to understand whether the pectin
had an effect on gene expression, independent of the spraying. The CU-701
spray vs PBS spray, and the CU-701 syringe vs PBS syringe differential gene
expression analysis would be informative of any changes that occur. As
mentioned above, the expression of various growth factors and cytokines with
pro-regenerative and anti-inflammatory effects can be upregulated for h(MSCs in
3D when compared to hMSCs cultured in 2D on tissue culture plastic (Rodriguez
et al., 2019). The following genes were searched for in the list of significantly
up or down regulated genes in the differential expression analysis, based on their
implication in pro-regenerative and anti-inflammatory effects: TGFB1, IGF1,
VEGF, HGF, GDNF, BDNF, NGF, IDO, IL1RN, Oct4, and Sox2.
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4.4. Results

4.4.1. Cell retention within spray device

*  kkkk
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Figure 4.5 — SH-SY5Y cells counted following pipetting, syringing, or spraying
(using the MAD sprayer) at 100,000 or 200,000 cells/mL using a
haemocytometer. Three repeats were carried out in triplicate (N=3, n=3). Error
bars show standard deviation. A one sample t-test was carried out to compare
the mean of each group to the theoretical cell count (100,000 or 200,000). *
Shows P<0.05, **** shows P<0.0001.

To determine whether cells were retained within the chosen spray device, cell
counts using the SH-SY5Y cells were carried out. The results shown in Figure
4.5 indicate the spray device does not retain cells at either density tested. Cells
seeded by pipette, syringe, or spray at a cell density of 100,000 cells/mL showed
no statistical difference between the starting density and the measured density
after seeded. In groups where cells were seeded by pipette, syringe, or spray at a
density of 200,000 cells/mL, the sprayed cells showed no statistical difference,
whereas the pipetted and syringed cells did, with the means of both groups below
200,000 cells/mL. This indicated that cells were not retained within the spray
device, but did show, particularly at the higher cell density, that counted cells

after syringe and pipette were lower than expected.
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4.4.2. Metabolic activity of 3T3 mouse fibroblasts after spraying
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Figure 4.6 — Short-term assessment of the effect of spraying on the metabolic
activity of the mouse 3T3 fibroblast cell line. Cells were added to 24-well plates
by either spraying through the MAD or added via syringe (500 pL). Metabolic
activity was assessed A 4- or B 24-hours after seeding by PrestoBlue assay.
Metabolic activity is shown as a percentage of each syringed control at each
seeding density. Three repeats were carried out in triplicate (N=3, n=3). Error
bars show standard error of the mean. Multiple paired t-tests (normal
distribution) were carried out to determine statistical significance between each
syringe and spray conditions. P value set to 0.05 with Holm-Sidak correction. *
Shows P<0.05.

After confirming cells were not retained within the spray device, prestoBlue
assays after spraying were carried out to measure the metabolic activity of the
cells after spraying as an indirect measure of viability, first using 3T3 cells. This
enabled optimisation of the spraying conditions using inexpensive cell lines.
Results shown in Figure 4.6 suggest there is a reduction in metabolic activity of
the 3T3 cells after spraying, however this reduction is not statistically significant
in all conditions and timepoints, except with a seeding density of 25,000
cells/mL tested 4 hours after seeding where there was a 25% reduction in
metabolic activity. After 24 hours, the maximum reduction in metabolic activity
compared to the syringe control was approximately 18%.
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4.4.3. Metabolic activity and LDH release from SH-SY5Y cells after

spraying
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Figure 4.7 — Short-term assessment of the effect of spraying on the human SH-
SY5Y cell line. Cells were added to 24-well plates by either spraying through
the MAD, or via syringe (500 pL). PrestoBlue (left) and LDH (right) assay was
carried after A 4- or B 24-hours to determine cytotoxicity of the spraying
process. Three repeats were carried out in triplicate (N=3, n=3). Error bars show
standard error of the mean. Multiple paired t-tests (normal distribution) were
carried out to determine statistical significance between each syringe and spray
conditions in the prestoBlue assay results. P value set to 0.05 with Holm-Sidak
correction. * Shows P<0.05.

In addition to the 3T3 mouse fibroblasts, SH-SY5Y cells were used. The LDH
results shown in Figure 4.7 indicates the spraying process results in 3-10%
cytotoxicity of the SH-SY5Y cells. The results of the prestoBlue assay indicate
a reduction in metabolic activity in the sprayed conditions compared to the
syringed, however only the seeding density 25,000 and 50,000 cells/mL at the
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24-hour timepoint showed a statistically significant difference. These show the
largest reduction in metabolic activity of all the densities and both timepoints
tested, with a reduction of approximately 35% and 30% for the 25,000 cells/mL
and 50,000 cells/mL densities respectively.

Figure 4.6 and Figure 4.7 show that the population of SH-SY5Y cells have a
higher reduction in metabolic activity than the 3T3 cells. The 25,000 cells/mL
seeding density was the only density to show a statistically significant reduction
in metabolic activity in both cell lines. It also showed the highest release of LDH
in the SH-SY5Y cells.
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4.4.4. Viability of hMSCs after spraying
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Figure 4.8 — Short-term assessment of the effect of spraying on human MSCs.
Cells were added to 24-well plates by either spraying through the MAD, or by
using a syringe (500 pL). After 24 hours, A PrestoBlue assay to determine
metabolic activity, B LDH assay to measure LDH release, and C live/dead cell
counts were carried out. Metabolic activity is as a percentage of each syringed
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control at each seeding density. In both assays, three repeats using separate
donors were carried out in triplicate (N=3, n=3). Error bars show + standard error
of the mean. Multiple paired t-tests (normal distribution) were carried out to
determine statistical significance between each syringe and spray conditions in
the prestoBlue results. P value set to 0.05 with Holm-Sidak correction. For
live/dead counting, hMSCs were stained using calcein to stain live cells, and
ethidium homodimer-1 to stain dead cells, and counted in FIJI. Three repeats
were carried out using separate cell donors. Error bars show + SEM.

After initial studies using 3T3 and SH-SY5Y cell lines showed that viable cells
could be sprayed at a variety of cell densities, the viability of primary hMSCs
after spraying was then assessed. The metabolic activity of the hMSC after
spraying at the different densities shown in Figure 4.8 indicates there is a slight
reduction in metabolic activity of sprayed cells after 24 hours (maximum of 15%
in the 50,000 cells/mL density), however this difference is not statistically
significant at any of the densities tested. In addition, the LDH release from
hMSCs indicated very low levels of cytotoxicity in response to the spraying

process at all densities tested, 24 hours after the cells were sprayed.

The results of the live/dead counts (Figure 4.8C) show >89% viability in all
densities sprayed or syringed after 24 hours. There was very little difference
between the syringed and sprayed conditions, indicating viability was

maintained in hMSCs when sprayed through the MAD sprayer.
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4.4.5. hMSC viability after spraying in pectin
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Figure 4.9 — Viability of hMSCs sprayed (MAD sprayer) or seeded by syringe
within 1% wi/v pectin solutions or 1xPBS. Cells were added to 24-well plates by
either spraying through the MAD, or syringe (500 uL) at a density of 100,000
cells/mL. Pectin solutions were gelled with 50 pL of 100 mM CaCl», which was
added to the wells before cells. Samples were incubated for 24-hours before
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media was removed and Live/Dead (calcein/ethidium homodimer-1) and
NucBlue Stains were added, and cells visualised using confocal microscopy,
with B representative images shown. Images show the z stack composite (left)
and 3D view (right). Green stain = live, blue = nuclei, and magenta = dead. Scale
bar = 100 um. FIJI analysis was used to calculate A percentage viability. Three
biological replicates were carried out (N=3). Multiple paired t-tests (normal
distribution) were carried out to determine statistical significance between each
syringe and spray conditions. P value set to 0.05 with Holm-Sidak correction.

After establishing that viable hMSCs can be sprayed using the MAD sprayer,
cells were suspended in the four pectin grades and the viability assessed using
Live/Dead staining to calculate the viability of the cells. Figure 4.9 shows the
viability of hMSCs when seeded by spraying or syringing in the four grades of
pectin solutions or 1xPBS. The viability was determined from confocal images
of the cells stained with calcein for live cells, ethidium homodimer-1 for dead
cells, and NucBlue (Hoechst) to stain the nuclei (Figure 4.9B). These images
show the morphology of cells within pectin gels, as well as the distribution of
cells 24 hours after seeding. The morphology of the cells delivered to wells in
1XPBS appear more elongated as they are able to adhere to the surface at the
bottom of the well. As there are no cell adherent sites within the pectin, all cells
within the four pectin grades appear rounded, except where cells were able to
adhere to the bottom of the wells as in the CU-701 sprayed and the LM-104
syringe conditions. Shown in Figure 4.9A, there is no statistical difference
between the viability of the sprayed compared to the syringed cells in any of the
pectin grades or 1XPBS, indicating the spraying process has little or no effect on
the viability of cells 24 hours after spraying. All four grades of pectin
demonstrated a very similar viability to the 1xPBS conditions.
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Cell spraying

Following confirmation of viability, flow cytometry analysis was carried out on the hMSCs to determine whether the spraying process or the four

different pectin grades affected the expression of the surface markers.

Table 4.3 — The percentage of positive cells and the standard deviation between donor repeats obtained from the flow cytometry analysis. AMSCs
(500 pL at 100,000 cells/mL) were added to 24-well plates by syringe or spraying (MAD sprayer) in 1XPBS or 1% w/v pectin. 50 pL of 100 mM
CaCl, were added to wells before cells to induce gelation. Samples were incubated for 24-hours before cells were extracted from pectin gels and
removed from wells to form a single cell suspension. CD90, CD105, and CD73 were analysed using detection antibodies labelled with different
fluorophores. The negative markers included antibodies specific to CD35, CD11b, CD19, CD45, and HLA-DR, all labelled with the PE
fluorophore. Each sample was gated from the negative isotype control using PBS syringe hMSC, showing a population of cells negative for each
detection fluorophore. The % positive shows the population of cells within the gate set for each sample and marker. The analysis was carried out
using three separate donors. The standard deviation was calculated using the results for each donor.

% Positive cells + standard deviation

Marker: | PBS PBSspray | CU-701 CU-701 CU-L CU-L LM-102 LM-102 LM-104 LM-104
syringe syringe spray syringe spray syringe spray syringe spray

CD90 | 9308+2.80 |99.24+1.05 |97.94+1.25 | 96.11+3.67 | 96.71£0.76 | 9224575 |93.55+8.85 | 87.92+17.77 | 88.71+ 14.48 | 94.84 + 3.86

CD105 | g352+843 | 79.15+8.89 | 77.84+7.14 | 66.86+16.83 | 75.51 +8.83 | 68.06+15.50 | 68.16 + 1.74 | 56.94+19.73 | 53.66 + 8.76 | 58.07 + 20.69

CD73 | 9931+062 |9872+156 |9851+1.33 | 93.98+7.71 | 96.11+£2.15 | 9215+592 |98.15+1.21 | 97.36+1.79 | 89.71+10.65 | 91.95 + 8.30

Negative

markers | 0.15+0.15 | 036+025 |043+019 |041+025 |881+1.01 |9+348 611027 |109+1.15 |245+255 |3.3620.93
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Figure 4.10 — Graphical representation of data shown in Table 4.3. hMSCs (500
pL at 100,000 cells/mL) were added to 24-well plates by syringing or spraying
(MAD sprayer) in 1XxPBS or 1% w/v pectin. 50 pL of 100 mM CaCl, were added
to wells before cells to induce gelation. Samples were incubated for 24-hours
before being extracted from pectin gels and removed from wells to form a single
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cell suspension. CD90, CD105, and CD73 were analysed using detection
antibodies labelled with different fluorophores. The negative markers included
antibodies specific to CD35, CD11b, CD19, CD45, and HLA-DR, all labelled
with the PE fluorophore. Each sample was gated from the negative isotype
control using PBS syringe hMSC, showing a population of cells negative for
each detection fluorophore. The dashed line in each graph shows the minimum
expression level based on ISCT criteria. Three repeats were carried out on cells
from different donors. Error bars show + SD. Student’s paired T-test was carried
out between PBS syringe condition and all other test conditions, * indicates
statistically significant difference between test group and PBS syringe (P<0.05).
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Flgure 411 — CD90 FITC flow cytometry overlay anaIyS|s showing the
histogram plots for each donor and pectin condition. hMSCs (500 uL at 100,000
cells/mL) were added to 24-well plates by syringing or spraying (MAD sprayer)
in 1xPBS or 1% w/v pectin. 50 uL of 100 mM CaCl. were added to wells before
cells to induce gelation. Samples were incubated for 24-hours before being
extracted from pectin gels and removed from wells to form a single cell
suspension. Histograms show cells from gates on the forward scatter-area (FSC-
A) vs side scatter-area (SSC-A) plot to select for cells and disregard debris, then
from gates set on the SSC-A vs SSC-H plot to select for single cell events. Black
outline = PBS control, red = syringed samples, blue = sprayed samples. Green
box highlights the negative population of cells in the LM-104 syringed condition
using the #33357 donor.
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Figure 4.12 — CD105 PerCP-Cy5.5™ flow cytometry overlay analysis showing
the histogram plots for each donor and pectin condition. hMSCs (500 pL at
100,000 cells/mL) were added to 24-well plates by syringing or spraying (MAD
sprayer) in 1xPBS or 1% wi/v pectin. 50 pL of 100 mM CaCl, were added to
wells before cells to induce gelation. Samples were incubated for 24-hours
before being extracted from pectin gels and removed from wells to form a single
cell suspension. Histograms show cells from gates on the forward scatter-area
(FSC-A) vs side scatter-area (SSC-A) plot to select for cells and disregard debris,
then from gates set on the SSC-A vs SSC-H plot to select for single cell events.
Black outline = PBS control, red = syringed samples, blue = sprayed samples.
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Figure 4.13 — CD73 APC flow cytometry overlay analysis showing the
histogram plots for each donor and pectin condition. h(MSCs (500 pL at 100,000
cells/mL) were added to 24-well plates by syringing or spraying (MAD sprayer)
in 1xPBS or 1% w/v pectin. 50 pL of 100 mM CaCl, were added to wells before
cells to induce gelation. Samples were incubated for 24-hours before being
extracted from pectin gels and removed from wells to form a single cell
suspension. Histograms show cells from gates on the forward scatter-area (FSC-
A) vs side scatter-area (SSC-A) plot to select for cells and disregard debris, then
from gates set on the SSC-A vs SSC-H plot to select for single cell events. Black
outline = PBS control, red = syringed samples, blue = sprayed samples. Green
box highlights the negative population of cells in the LM-104 syringed condition
using the #33357 donor.
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Flgure 4.14 — PE CD35, CD11b, CD19, CD45, and HLA-DR flow cytometry
overlay analysis showing the histogram plots for each donor and pectin
condition. hMSCs (500 pL at 100,000 cells/mL) were added to 24-well plates
by syringing or spraying (MAD sprayer) in 1xPBS or 1% wi/v pectin. 50 pL of
100 mM CaCl, were added to wells before cells to induce gelation. Samples
were incubated for 24-hours before being extracted from pectin gels and
removed from wells to form a single cell suspension. Histograms show cells
from gates on the forward scatter-area (FSC-A) vs side scatter-area (SSC-A) plot
to select for cells and disregard debris, then from gates set on the SSC-A vs SSC-
H plot to select for single cell events. Black outline = PBS control, red = syringed
samples, blue = sprayed samples. Green box highlights the positive population
of cells in the LM-102 syringed condition in #33357 donor, and in the CU-L
conditions for all donors.
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Figure 4.15 — CD105 PerCP-Cy5.5™ flow cytometry overlay analysis showing
the histogram plots for the PBS syringe hMSCs with the CD105 detection
antibodies (red) and the isotype antibodies (grey).

Table 4.3 shows the percentage positive cells and the standard deviation for each
marker analysed in each condition determined by flow cytometry. Figure 4.10 is
a graphical representation of these data. To be classed as hMSCs, cells should
be >95% positive for CD90, CD105, and CD73, and <2% positive for CD35,
CD11b, CD19, CD45, and HLA-DR (Dominici et al., 2006). The mean value for
all sprayed conditions is below 95% for all positive markers except for CU-701
with CD90, and LM-102 with CD73. All cell conditions, including the control
cells are also below 95% for CD105. Only the controls and hMSCs in the CU-
701 grade of pectin are below 2% for the negative markers in both the syringed
and sprayed conditions. The sprayed, but not the syringed hMSCs in LM-102
are below 2% for the negative markers.

Figure 4.11, Figure 4.12, Figure 4.13, and Figure 4.14 show the overlaid
histograms for each individual donor in each condition for each marker used in
the flow cytometry. These show that donor #33357 tended to show a less MSC-
like pattern of surface markers than the other two donors particularly for cells
syringed in the LM-104 and LM-102 grades of pectin, resulting in the increased
standard deviation. The markers MSCs should be negative for (CD35, CD11b,
CD19, CD45, and HLA-DR) were detected using a cocktail of antibodies
labelled with the PE fluorophore and histograms shown in Figure 4.14. CU-L
has a positive population of cells in each donor, highlighted in the boxes on the
figure, and a mean of 8.81% and 9% positive for syringe and sprayed
respectively. The LM-104 condition also shows a shoulder on the PE histograms
in Figure 4.14, although this is much smaller than CU-L and has a mean of 2.45%
and 3.36% for syringed and sprayed respectively. LM-102 showed a large

population (17.96%) of PE positive cells in the syringed condition for just one

131



Cell spraying

donor. Unfortunately, the PE marker is a mixed cocktail, therefore the particular
surface marker that the positive cells express cannot be determined without

further analysis.

The histograms shown in Figure 4.12 confirm that CD105 is consistently
downregulated in all PBS and pectin samples, suggesting this downregulation is
not just in response to the pectin or the spraying. Figure 4.15 shows the overlay
of the PBS syringe hMSC histogram for the positive cocktail and the isotype
control, highlighting the overlap between the two. This suggests there may be
some non-specific binding and a requirement for an additional was step using

this isotype control.
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4.4.7. Differentiation of h(MSCs
CU-701 was selected for the differentiation study as the only pectin grade not to have statistically significant changes in surface marker expression.

Table 4.4 — Images of hMSCs following incubation with basal growth media (control), osteogenic differentiation media, or adipogenic
differentiation media. hMSCs (100,000 cells/mL) were syringed or sprayed (using the MAD sprayer) in 1XPBS or 1% w/v CU-701 pectin (gelled
with 100 mM CacCly) into 12-well plates, incubated for 24-hours, then removed from wells and seeded (20,000 cells/well) in 24-well plates. Cells
grew for 48-hours in basal growth media, before changing to differentiation media. Media was changed twice weekly. After 14-days, the osteogenic
control and induced cells were stained with 1% Alizarin Red S solution. The adipogenic control and induced cells were stained with 0.5% Oil Red

O, and counterstained with haematoxylin. Scale bar is 50 pm. White arrows indicate the presence of stained pectin debris.
Donor 33357 Donor 27519

PBS syringe PBS spray CU-701 syringe CU-701 spray PBS syringe PBS spray CU-701 syrin

ge CU-701 spray

Control

Osteogenesis
Induced

Control
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The images in Table 4.4 show that none of the cells from either the 1xPBS, or
the CU-701 pectin grade conditions spontaneously differentiated into cells of

osteogenic or adipogenic lineage when cultured in basal growth media.

Detection of osteogenic differentiation was carried out using Alizarin Red to
detect calcium deposits present in differentiated cells (Suvarna et al., 2018).
Pectin gelation was induced by calcium ions; therefore, the pectin debris still
present in the wells containing hMSCs extracted from CU-701 pectin, was
stained red. Some of the stained pectin debris is indicated by the presence of
white arrows in the relevant images. The presence of calcium deposits was not
obviously detected in the hMSCs from donor #33357 in any of the conditions
tested with the osteogenic differentiation media, suggesting differentiation was
not induced. As differentiation did not occur in the PBS syringe cells, used as
the control without having been sprayed or in pectin, this suggests either the
differentiation protocol was too short, or the cells from this donor no longer
retained the capacity to differentiate down the osteogenic lineage. The length of
time was based on the manufacturer’s protocol (PromoCell, 2023), however

others used longer time periods (Diez et al., 2015).

Human MSCs from both PBS conditions from donor #27519 were lost before
staining, therefore are not shown. hMSCs from the syringe and sprayed CU-701
pectin conditions appear to have calcium deposits following incubation with
differentiation media, suggesting differentiation has been induced. However,

these deposits are difficult to see due to the presence of the pectin debris.

Detection of adipogenic differentiation was carried out using Oil Red O to detect
lipid vacuoles (Suvarna et al., 2018). All hMSCs from both donors in the tested
conditions show differentiation down the adipogenic lineage when incubated
with adipogenic differentiation media, shown by the presence of stained
vacuoles. This suggests the CU-701 pectin and the spraying process have not
affected the ability of the hMSCs to differentiate down the adipogenic lineage.
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4.4.8. Differential gene expression of hMSCs
Similar to the differentiation study, RNA-seq and differential gene expression
was carried out using the CU-701 pectin as this was the only grade of pectin not

to show a statistically significant change in expression of surface markers.

Table 4.5 — Differential gene expression analysis summary. hMSCs from three
separate donors were syringed or sprayed (MAD sprayer) into 12-well plates (1
mL at 100,000 cells/mL) in 1xPBS or 1% w/v CU-701 pectin. After incubation
for 24 hours, cells were removed from the wells, and RNA was extracted. This
was submitted to the DeepSeq department in the Queens Medical Centre,
University of Nottingham, for library preparation, sequencing, and data analysis.
RNA samples from each donor were sequenced independently, and the counts
used for differential expression analysis, which was carried out using DESeq2.
DESeq2 was designed to normalise count data and carry out statistical analysis
(Love et al., 2014). The gene count for up and down regulated genes are those
with a statistically significant (adjusted p-value <0.10) log. fold change (LFC).

Gene % Gene count %
count
PBS spray vs PBS 53 0.18 51 0.17
syringe
CU-701spray vs. 64 0.21 12 0.04
CU-701 syringe
CU-701 syringe 1942 6.50 1872 6.20
vs. PBS syringe
CU-701 spray vs. 2142 7.10 2110 7.00
PBS spray

The differential gene expression analysis shown in Table 4.5 shows the number
of significantly up and down regulated genes in the contrasts listed. The analysis
was carried out by the DeepSeq department at the University of Nottingham
using the DESeq2 package, which was designed to carry out statistical testing
on the inputted count data. The statistical testing is designed to account for the
small number of replicates (N=3) to provide stable estimates of fold-changes
(Love et al., 2014), which are summarised in Table 4.5. The analysis shows more
genes were up and down regulated in hMSCs when comparing different
materials for delivery (PBS vs CU-701 pectin) using the same delivery method
(spray or syringe), than when comparing the same material and different delivery
method.
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Figure 4.16 — Principal component analysis (PCA) showing the extent of
clustering of treatments along the first two principal components. hMSCs from
three separate donors were syringed or sprayed (MAD sprayer) into 12-well
plates (1 mL at 100,000 cells/mL) in 1xPBS or 1% w/v CU-701 pectin. After
incubation for 24 hours, cells were removed from the wells, and RNA was
extracted. This was submitted to the DeepSeq department in the Queens Medical
Centre, University of Nottingham, for library preparation, sequencing, and data
analysis. The figures are coloured by condition in A, and by donor in B. The
figures were generated by Dr Graeme Fox from the DeepSeq department.

Figure 4.16 shows the effect of the delivery method and the hMSC donor on the
variance of the data. Figure 4.16A shows the CU-701 syringe and spray samples
are clustered in pairs, and the PBS spray and syringe samples are also clustered
in pairs. Figure 4.16B shows each of the donors are clustered in pairs which
correspond to the pairs shown in Figure 4.16A. In combination, the two parts
show that donor and delivery material have the largest effect on the variation in
gene expression, and that spraying or syringing as a delivery method has a much

smaller effect on gene expression difference.
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Table 4.6 — Top 20 up and down regulated genes comparing PBS spray versus
PBS syringe. hMSCs from three separate donors were syringed or sprayed
(MAD sprayer) into 12-well plates (1 mL at 100,000 cells/mL) in 1xPBS or 1%
w/v CU-701 pectin. After incubation for 24 hours, cells were removed from the
wells, and RNA was extracted. This was submitted to the DeepSeq department
in the Queens Medical Centre, University of Nottingham, for library preparation,
sequencing, and data analysis. Novel transcripts are genes that have not been
annotated/named yet.

PTCSC2 Papillary thyroid carcinoma susceptibility 33.9543
candidate 2
ENSG00000286445 = Novel transcript 27.9896
SVIL2P Supervillin family member 2, pseudogene 27.9653
CPLX4 Complexin 4 27.3701
ENSG00000277991 Novel transcript 26.9588
ENSG00000256678 = Novel transcript 26.6459
LINC02393 Long intergenic non-protein coding RNA 2393  26.6379
MIR4668 MicroRNA 4668 26.6379
ENSG00000230709 Novel transcript 25.7621
SYPL1P2 Synaptophysin like 1 pseudogene 2 25.7621
BAGALNTS3 Beta-1,4-N-acetyl-galactosaminyltransferase 3  25.1969
ABCG4 ATP binding cassette subfamily G member 4  25.1969
HRG-AS1 HRG and FETUB antisense RNA 1 24.3118
ENSG00000271917 = Novel transcript 24.3118
RNUG6-419P RNA, U6 small nuclear 419, pseudogene 24.3064
ILVBL-AS1 ILVBL antisense RNA 1 23.535
SNORD101 Small nucleolar RNA, C/D box 101 20.4117
ENSG00000253361 =~ Novel transcript 19.9393
KRT32 Keatin 32 19.5725
ITGAM Integrin subunit alpha M 19.5478
LINC00885 Long intergenic non-protein coding RNA 885  -34.97947
NIBAN3 Niban apoptosis regulator 3 -34.57871
TMSB4Y Thymosin beta 4 Y-linked -29.04706
ENSG00000279166 = Novel transcript -27.5566
SMG1P3 SMG1 pseudogene 3 -27.51592
ENSG00000273419 = Novel transcript -27.50339
MAP3K9 Mitogen-activated protein Kinase kinase kinase -27.34536
9

LINCO01991 Long intergenic non-protein coding RNA 1991 -27.22668
RPL21P135 Ribosomal protein L21 pseudogene 135 -26.86598
ENSG00000272940 = Novel transcript -26.86598
ENSG00000260163 Novel transcript -26.09151
ENSG00000284523  Novel transcript -26.09151
HEATR4 HEAT repeat containing 4 -25.04184
ENSG00000286329 = Novel transcript -24.71403
CCDC63 Coiled-coil domain containing 63 -24.4844
ENSG00000270240 Novel transcript -24.26666
FGL2 Fibrinogen like 2 -23.45979
PBX3-DT PBX3 divergent transcript -20.14107
KPNA7 Karyopherin subunit alpha 7 -19.88532
ENSG00000279827 = Novel transcript -19.7452
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Table 4.7 — Top 20 up and down regulated genes comparing CU-701 spray
versus CU-701 syringe. hMSCs from three separate donors were syringed or
sprayed (MAD sprayer) into 12-well plates (1 mL at 100,000 cells/mL) in 1xPBS
or 1% wi/v CU-701 pectin. After incubation for 24 hours, cells were removed
from the wells, and RNA was extracted. This was submitted to the DeepSeq
department in the Queens Medical Centre, University of Nottingham, for library
preparation, sequencing, and data analysis. Novel transcripts are genes that have
not been annotated/named yet.

PTPRD-AS1 PTPRD antisense RNA 1 22.431
LINC02223 Long intergenic non-protein coding RNA 2223 22.0877
Glutamate ionotropic receptor delta type
GRID2 subunit 2 20.6386
ENSG00000287902 = Novel transcript 20.6173
ENSG00000278949 Novel transcript 20.4334
ENSG00000273090 = Novel transcript 20.2425
PINCR P53-induced noncoding RNA 20.1319
CDRT4 CMT1A duplicated region transcript 4 20.0568
ENSG00000278112 Novel transcript 20.0296
ENSG00000279827 Novel transcript 19.4383
Cllorf97 Chromosome 11 open reading frame 97 19.4119
TEX26 Testis expressed 26 19.3558
SLC10A4 Solute carrier family 10 member 4 19.336
ENSG00000275676 = Novel transcript 19.1674
ENSG00000283213 Novel transcript 19.1524
ENSG00000259126 = Novel transcript 19.1319
TIAM1-AS1 TIAM1 antisense RNA 1 18.9979
ENSG00000289989  Novel transcript 18.9979
RPL17P15 Ribosomal protein L17 pseudogene 15 18.9494
ENSG00000286264 = Novel transcript 18.9494
ENSG00000243243 Novel transcript -18.96895
ENSG00000286728 Novel transcript -18.674
TFEC Transcription factor EC -18.42526
ENSG00000286827  Novel transcript -17.81088
PRICKLE2-DT PRICKLE2 divergent transcript -17.79822
Transient receptor potential cation channel
TRPC3 subfamily C member 3 -17.72446
Transient receptor potential cation channel
TRPM2 subfamily M member 2 -17.36333
SNORD111 Small nucleolar RNA, C/D box 111 -17.07568
Transient receptor potential cation channel
TRPC6 subfamily C member 6 -16.76518
TMSB4Y Thymosin beta 4 Y-linked -16.06793
LINC00598 Long intergenic non-protein coding RNA 598  -14.65684
SPOPL-DT SPOPL divergent transcript -14.5148
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Table 4.8 — Top 20 up and down regulated genes comparing CU-701 syringe
versus PBS syringe. hMSCs from three separate donors were syringed or sprayed
(MAD sprayer) into 12-well plates (1 mL at 100,000 cells/mL) in 1xPBS or 1%
w/v CU-701 pectin. After incubation for 24 hours, cells were removed from the
wells, and RNA was extracted. This was submitted to the DeepSeq department
in the Queens Medical Centre, University of Nottingham, for library preparation,
sequencing, and data analysis. Novel transcripts are genes that have not been
annotated/named yet.

C2CD4A C2 calcium dependent domain containing 4A 8.14078
RASD2 RASD family member 2 6.84971
MYBPH Myosin binding protein H 6.78225
PDK4 Pyruvate dehydrogenase kinase 4 6.59666
IL24 Interleukin 24 6.11879
IGFBP5 Insulin like growth factor binding protein 5 5.84562
SEPTIN7P13 Septin 7 pseudogene 13 5.67524
A2M Alpha-2-macroglobulin 5.57355
Potassium two pore domain channel subfamily K
KCNK3 member 3 5.55444
GPR183 G protein-coupled receptor 183 5.28254
BMF Bcl2 modifying factor 5.24859
SYT12 Synaptotagmin 12 5.14539
RNA5SP288 RNA, 5S ribosomal pseudogene 288 5.07822
SLC16A6 Solute carrier family 16 member 6 4.98302
PLXDC1 Plexin domain containing 1 4.98075
RNU6-1195P RNA, U6 small nuclear 1195, pseudogene 4.95036
MEDAG Mesenteric oestrogen dependent adipogenesis 4.85813
MUC13 Mucin 13, cell surface associated 4.84306
FAXDC2 Fatty acid hydroxylase domain containing 2 4.80279
DCSTAMP Dendrocyte expressed seven transmembrane protein | 4.80079
VLDLR-AS1 VLDLR antisense RNA 1 -4.948539
TOPBP1 interacting checkpoint and replication
TICRR regulator -4.634575
SERPINB2 Serpin family B member 2 -4.568949
ENSG00000243802 Novel transcript -3.819328
SPC25 SPC25 component of NSC80 kinetochore complex -3.632166
PDCD1LG2 Programmed cell death 1 ligand 2 -3.551736
ENSG00000249379 Novel transcript -3.463429
BHLHA15 Basic helix-loop-helix family member al5 -3.418996
ERCC excision repair 6 like, spindle assembly
ERCC6L checkpoint helicase -3.405107
ODAPH Odontogenesis associate phosphoprotein -3.361555
ENSG00000267774 Novel transcript -3.336418
ENSG00000250038 Novel transcript -3.279635
ENSG00000279069 Novel transcript -3.207962
CELSR1 Cadherin EGF LAG seven-pass G-type receptor 1 -3.095572
RPSAP54 Ribosomal protein SA pseudogene 54 -3.081426
L3MBTL2-AS1 L3MBTL2 antisense RNA 1 -3.056453
ORC1 Origin recognition complex subunit 1 -3.043862
ZSCAN31 Zinc finger and SCAN domain containing 31 -3.041534
KIF23 Kinesin family member 23 -3.010213
ENSG00000272599 Novel transcript -2.941503
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Table 4.9 — Top 20 up and down regulated genes comparing CU-701 spray
versus PBS spray. hMSCs from three separate donors were syringed or sprayed
(MAD sprayer) into 12-well plates (1 mL at 100,000 cells/mL) in 1xPBS or 1%
w/v CU-701 pectin. After incubation for 24 hours, cells were removed from the
wells, and RNA was extracted. This was submitted to the DeepSeq department
in the Queens Medical Centre, University of Nottingham, for library preparation,
sequencing, and data analysis. Novel transcripts are genes that have not been
annotated/named yet.

PDK4 Pyruvate dehydrogenase kinase 4 7.51764
ENSG00000266538 = Novel transcript 6.93331
Potassium two pore domain channel subfamily
KCNK3 K member 3 6.85748
Dendrocyte expressed seven transmembrane
DCSTAMP protein 6.51433
SNORDS83A Small nucleolar RNA, C/D box 83A 6.45336
MYBPH Myosin binding protein H 6.26424
RNA5SP288 RNA, 5S ribosomal pseudogene 288 6.15834
SNORD13E Small nucleolar RNA, C/D box 13E 6.15232
SLC38A8 Solute carrier family 38 member 8 5.92789
LINC00869 Long intergenic non-protein coding RNA 869  5.89233
RNA5SP258 RNA, 5S ribosomal pseudogene 258 5.70178
IL24 Interleukin 24 5.61286
ENSG00000262877 Novel transcript 5.40996
BMF Bcl2 modifying factor 5.29649
LGI4 Leucine rich repeat LGI family member 4 5.26806
C2CD4A C2 calcium dependent domain containing 4A  5.26446
RNA5SP357 RNA, 5S ribosomal pseudogene 357 5.22517
MIAT Myocardial infarction associated transcript 5.1914
IGFBP5 Insulin like growth factor binding protein 5 5.0932
NPTXR Neuronal pentraxin receptor 5.05468
CAMSAP1-DT CAMSAP1 divergent transcript -5.647318
RPSAP54 Ribosomal protein SA pseudogene 54 -5.354408
APLN Apelin -5.185049
ZNF876P Zinc finger protein 876, pseudogene -5.147745
ENSG00000269176 Novel transcript -4.876641
VIM-AS1 VIM antisense RNA 1 -4.864523
SHC3 SHC adaptor protein 3 -4.568773
MGAM Maltase-glucoamylase -4.523251
ENSG00000228714 Novel transcript -4.507446
CCDC89 Coiled-coil domain containing 89 -4.466413
MYB MY B proto-oncogene transcription factor -4.402284
PDE11A Phosphodiesterase 11A -4.354362
ADGRG6 Adhesion G protein-coupled receptor G6 -4.324109
DIO3 lodothyonine deiodinase 3 -4.273252
FAM111B FAM111 trypsin like peptidase B -4.208948
Essential meiotic structure-specific
EME1 endonuclease 1 -4.0714
H3P43 H3 histone pseudogene 43 -3.95768
ENSG00000289357 = Novel transcript -3.930736
ZNF662 Zinc finger protein 662 -3.891114
DDIAS DNA damage induced apoptosis suppressor -3.841924
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Table 4.10 — Log> fold change (LFC) and adjusted P-value (Padj) of selected genes in the listed contrasts. Genes were selected based on their
implication in pro-regenerative and immunomodulation effect of the hMSC secretome. hMSCs from three separate donors were syringed or
sprayed (MAD sprayer) into 12-well plates (1 mL at 100,000 cells/mL) in 1xPBS or 1% w/v CU-701 pectin. After incubation for 24 hours, cells
were removed from the wells, and RNA was extracted. This was submitted to the DeepSeq department in the Queens Medical Centre, University
of Nottingham, for library preparation, sequencing, and data analysis.

Contrast —

Gene name |
TGFB1
IGF1
VEGF
HGF
GDNF
BDNF
NGF
IDO
ILIRN
Oct4
Sox2

PBS spray vs PBS syringe

LFC
-0.2797
0.5534
-0.2000
-0.1495
0.0960
0.1162
0.1619
-0.9741
0.2699
NA
0.9396

CU-701

LFC
-0.0137
0.3661
-0.0249
0.7421
-0.0248
0.0055
-0.1298
0.1675
1.0089
NA
-3.6005

spray Vs
syringe

e
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CU-701 spray vs PBS spray

LFC
1.0553
1.3795
0.1535
1.6620
-0.1403
-0.8027
-1.3836
0.3418
-0.0378
NA
0.3969

Padj
0.0001969
NA
0.6429
0.0037
0.5705
0.0142
0.0935
NA
0.9926
NA
NA
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Table 4.6, Table 4.7, Table 4.8, and Table 4.9 show the top 20 up and down
regulated genes for the four conditions comparisons shown which were
statistically significant (adjusted P-value <0.1). Table 4.10 shows the LFC for
selected genes for the four condition comparisons based on identified growth
factors and cytokines of the hMSC secretome. The adjusted P-value is shown for
the selected genes in each condition comparison; values >0.1 are deemed not
statistically significant. None of the selected genes were significantly
differentially expressed in the comparisons where the delivery medium (1xPBS
or CU-701 pectin) was kept the same, but the delivery method (syringe or spray)
significantly changed expression of some genes. Specifically, TGF-B1 (TGF-
B1) was significantly upregulated when comparing cells delivered in CU-701
pectin to 1xXPBS in both syringe and spray contrasts. BDNF was significantly
downregulated. Additionally, HGF was significantly upregulated, and NGF
significantly downregulated when comparing CU-701 spray versus PBS spray.
Whilst these changes were statistically significant, it is worth noting that the LFC
change is much lower than the LFC of the top 20 up and down regulated genes.

Searches for the genes responsible for positive markers of hMSC CD90, CD105,
and CD73 were also carried out. No significant LFC was found in any contrasts
except for CD105 in CU-701 syringe versus PBS syringe. There was an LFC of
0.5767, adjusted P-value 0.0033.
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4.5. Discussion

The results in this chapter aimed to assess the suitability of the MAD sprayer
and pectin for local delivery of hMSCs. Studies began with the 3T3 and SH-
SY5Y cell lines to evaluate whether cells were being retained in the device and
to assess the effect of spraying at different cell densities on the LDH release and
metabolic activity of cells. Studies then progressed to hMSCs, assessing the
viability of cells after spraying in the four different grades of pectin (CU-701,
CU-L, LM-102, and LM-104), as well as the phenotype, the differentiation
capacity, and differential gene expression in response to spraying and the CU-
701 grade of pectin.

Starting with the assessment of whether cell lines are retained in the device, the
cell density was counted before and after spraying, syringing, and pipetting. At
both densities tested, the cell count was equivalent to the seeding density in the
sprayed condition, therefore cells do not appear to be retained within the device
and the measured metabolic activity and LDH release should be a true reflection
of the expected cell population based on seeding density. The data is in
agreement with the patent claims for the spray device in having a small volume
of dead space inside the device (Denton, 2022).

Having confirmed that cells were not retained in the device, the SH-SY5Y cells
when sprayed had a larger reduction in metabolic activity than the 3T3 cells. The
results of the LDH assay suggest a maximum cytotoxicity of 10% 24-hours
following the spraying process, whereas the lowest metabolic activity is 65%
after 24 hours. This indicated the cells were responding to stress, but not
necessarily dead. It is expected that SH-SY5Y cells are more sensitive than 3T3
cells, as the data is in agreement with Connolly et al. (2021) who have shown
SH-SY5Y cells to be sensitive to shear stress via the flow of fluid over the cells
in culture (Connolly et al., 2021). A link between smaller cell size and increased
survival of cells after spraying has been suggested (Kardia et al., 2014), but there
was no correlation observed here between cell survival and cell size. Of the three
cell types tested, hMSCs have the largest diameter (18-30 um) (Ge et al., 2014),
compared to 12 pum and 15 um for SH-SY5Y's and 3T3s respectively (Harvard,
2023), and hMSCs had the highest viability.
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For both cell lines (3T3 and SH-SY5Y) and hMSC, there did not appear to be
any correlation between cell density and the measured cell viability. This is
consistent with a study investigating the use of a pump spray device with this
U937 human monocyte-like cell line, whereby the two cell densities tested
showed no difference in viability (Beneke et al., 2018). Similarly, five hMSC
densities tested with two different spray devices showed no difference in cell

viability in either device used with a change in cell density (Thiebes et al., 2021).

Having shown that hMSCs at different densities can be sprayed, the viability of
the hMSCs after syringing or spraying in pectin was then carried out at a cell
density of 100,000 cells/mL. This cell density was the highest that gave a cell
number/cm? within the range of cell density obtained from hMSCs cultured in
2D at 80% confluency but that would not result in overcrowding in the PBS
conditions (ThermoFisher, 2014, Bhat et al., 2021). In all four grades of pectin,
hMSC viability was not affected compared to the control in PBS, with no
statistical differences shown between the conditions. hMSCs were added to
pectin solutions of the four different grades, then seeded into wells by syringe or
spraying. The distribution of the live and dead cells indicates cells suspended in
the gel have enough nutrients to survive over the 24-hour time period tested.
There does not appear to be a higher number of dead cells in the centre of, or
underneath the pectin gels. These findings agree with previous studies
encapsulating cells in pectin hydrogels, with viability of L929 mouse fibroblasts
demonstrated over 7 days of culture (Gentilini et al., 2018), and hMSCs
remaining viable within pectin hydrogels for 14 days (Neves et al., 2015).

Increased viscosity of the medium in which cells are sprayed has been correlated
with a reduction in the viability of delivered cells, with viscosity measurements
of 25 mPa-s (Pehlivaner Kara and Ekenseair, 2016) and 15 kPa-s (Hendriks et
al., 2015) leading to a significant reduction in viability, whereas even the most
viscous pectin grade used here (CU-701 with viscosity of 11.1 mPa-s at 10,000
1/s shear rate shown in 3.4.5) demonstrated high viability. However, both the
aforementioned studies used an airbrush-based device, unlike the syringe device

used here.

Having shown that viable cells could be sprayed in all four grades of pectin, flow

cytometry was then used to analyse what proportion of the cell populations were
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positive for CD90, CD105, and CD73, and negative for a cocktail of CD34,
CD11b, CD19, CD45, and HLA-DR, based on the minimal criteria for MSCs
(Dominici et al., 2006). Of all the hMSCs sprayed or syringed in 1xPBS or the
four grades of pectin, only CU-701 did not have a statistically significant change
in the level of expression of these markers compared to the 1xPBS syringe

condition used as the control.

Cells obtained from donor #33357 showed a less MSC-like phenotype in
response to the different pectin grades, highlighting donor variability. The use
of different donors has been shown to affect expression levels of a variety of
proteins, the differentiation potential, and the proliferation of the hMSCs (Siegel
et al., 2013). There were also trends observed by Siegel et al. (2013) between
some of the changes and age, as well as sex differences. The three cell donors
used in the study in this thesis (#26000, #27519, and #33357) were close in age,
20, 21, and 28, and donors were male, female, male. Three repeats are not
enough to begin to spot trends in the differences related to age and sex of the
donors, however, it does begin to support the overall findings of donor variability

already published.

The percentage of hMSCs positive for CD105 was below the 95% threshold in
all tested conditions, including the 1xPBS syringe condition used as the control.
CD105, otherwise known as endoglin, functions as a co-receptor in the TGF-
family, has functions in angiogenesis, with expression responsive to TGF-p and
hypoxia (Schoonderwoerd et al., 2020). Reduced expression of CD105 has been
linked to culture in serum free media, with expression levels down to
approximately 50% when serum free media was used (Mark et al., 2013). The
hMSCs tested here were cultured for 24 hours in half media (as media is added
in a 1:1 volume ration to 1xPBS/pectin), however this is a much shorter
timeframe than Mark et al. (2013) used. The histograms in Figure 4.12 show a
single population of cells in each condition, however this overlays the isotype
control shown in Figure 4.15. This could result from a non-specific binding of
the isotype antibodies shifting the fluorescence of the isotype samples to the right
and interfering with the detection of the positive population of cells. Further
investigation would be required to determine the cause of the measured reduction

in CD105, such as additional wash steps to reduce the non-specific binding. An
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additional control grown in basal growth media only could be run to understand
whether the lower level of CD105 expression detected was due to a phenotype
of the cells already present, or due to the 24-hour culture in half the amount of

media.

Similar studies to understand the effect of scaffold materials on the surface
marker expression of MSCs have been undertaken previously. Gasparotto et al.
(2014) investigated the use of a fibrin sealant on the proliferation, viability, and
CD34, CD44, and CD90 expression of rat MSCs. The fibrin sealant was shown
not to affect the expression of CD90 (Gasparotto et al., 2014), however CD105

and CD73 were not analysed.

It is known that the use of biomaterials with MSCs can act to induce
differentiation of the cells (Zhao et al., 2014). Factors including material
chemistry, elasticity and stiffness, topography, and adhesion to the material, all
affect cell response and differentiation (McMurray et al., 2015). Increased
stiffness of materials is associated with more osteogenic differentiation of MSCs
(Mao et al., 2016). In the context of using hMSCs as a treatment for TBI, the
trophic effects of the hMSCs is primarily of interest (Baez-Jurado et al., 2019).
There is no need or desire to induce differentiation of the hMSCs down an
adipogenic, osteogenic, or chondrogenic lineage, therefore spontaneous
differentiation in the panel carried out using cells that had been syringed or
sprayed in 1XPBS or CU-701 pectin was not desired. However, as differentiation
potential down those three lineages is used as an identifier for MSCs (Dominici

et al., 2006), the ability to retain the differentiation potential was desired.

Typically, differentiation studies take place over 2-3 weeks for adipogenesis,
osteogenesis, and chondrogenesis (Diez et al., 2015). To maintain consistency
with other studies carried out in this chapter, the cells were maintained in CU-
701 pectin for 24 hours, before being removed and studied for their
differentiation potential. As 24 hours is much shorter than the length of time
hMSCs typically take to differentiate (Diez et al., 2015), it was hypothesised that
the pectin would not cause spontaneous differentiation. Using both donors, in all
four conditions tested, spontaneous differentiation was not observed when cells

were cultured in basal growth media and stained for osteogenic or adipogenic
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differentiation. This is favourable for the use of pectin in the brain, as

spontaneous differentiation is not desired.

Using differentiation media, osteogenic differentiation was not demonstrated in
one of the donors (#33357), detected by the lack of calcium deposits being
stained with Alizarin Red. The PromoCell protocol for differentiation instructs
a 12-14-day incubation with osteogenic differentiation media (PromocCell,
2023), however many studies, including Diez et al. (2015) incubate for 21 days,
therefore it is possible 14 days was not long enough for detectable calcium
deposits to be formed. The PBS samples incubated in osteogenic differentiation
media using donor #27519 were lost, so a donor comparison cannot be made
between PBS samples, however, there does appear to be stained calcium deposits
from hMSCs that were pre-incubated in CU-701 pectin (both syringed and
sprayed). Adipogenic differentiation could be induced in all conditions using
cells from both hMSC donors. Further work is required to complete the
differentiation panel using a longer incubation for the osteogenic differentiation,
and to include the chondrogenic condition, however the lack of spontaneous
differentiation and the ability of the cells to differentiate down the adipogenic
lineage is a positive initial result. The desire is for hMSCs to stimulate
neurogenesis, angiogenesis, and downregulate inflammation in the brain
following injury to aid recovery in patients via trophic effects (Andrzejewska et
al., 2021), not to differentiate in the brain.

As discussed, donor #33357 showed the most variable results in the flow
cytometry analysis, and a lack of osteogenic differentiation. The PCA of the
differential gene expression analysis showed that whilst spraying or syringing
had very little effect on differential expression of genes, the presence of CU-701
pectin and the different cell donors caused variation in the expression of genes.
The cells used throughout this thesis were derived from the bone marrow of three
separate donors, and they varied in sex and age. Donor variability is a
consideration often discussed in reviews on potential use of hMSCs in
regenerative medicine (Wright et al., 2021). Sex-specific differences in hMSC
(derived from adipose tissue) gene expression have been highlighted in a meta-
analysis study by Bianconi et al. (2020) which showed differences in the

expression of numerous genes, including those related to inflammation

147



Cell spraying

(Bianconi et al., 2020). Age and sex have both been shown to affect protein
expression in BM-hMSCs (Siegel et al., 2013). The results of the PCA support
this donor variability previously reported, however further gene analysis would
be required to comment on any specific changes related to sex or age.

RNA-seq and differential gene expression analysis shows the large change in
gene expression in response to different culture environments; transcriptome
analysis of hMSCs treated with nanosilicates revealed over 4,000 genes were
differentially expressed compared to untreated cells (Carrow et al., 2018). MSCs
cultured in alginate hydrogels of differing stiffness showed 1,637 differentially
expressed genes in gels with 3 kPa stiffness compared to 30 kPa stiffness
(Darnell et al., 2018). These studies highlight the impact differences in material
have on gene expression in MSCs. The contrasts carried out here between 1XPBS
and CU-701 pectin showed 3,814 (syringe contrast) and 4,252 (spray contrast)

were differentially expressed (adjusted P-value >0.1).

The genes that appear in both the CU-701 syringe versus PBS syringe, and CU-
701 spray versus PBS spray contrasts are C2CD4A, PDK4, 1L24, IGFBP5, and
BMF. C2CD4A upregulation is likely to be in response to the calcium present in
the pectin. PDK4 is involved in switching cells from glucose utilisation to fatty
acid utilisation (Zhang et al., 2014), which may indicate the hMSCs within the
pectin gels are not receiving as much of the glucose from the media as the
hMSCs in the PBS condition if diffusion is slower to cells in the pectin gels. The
upregulation of PDK4 could also be linked to the presence of increased
concentrations of calcium in those hMSC encapsulated in CU-701 pectin. PDK4
is @ mitochondrial gene involved in the regulation of metabolism (Thoudam et
al., 2022), and calcium influx and efflux from the mitochondria is also involved
in the regulation of energy production (Finkel et al., 2015), therefore it is also

possible that PDK4 expression levels is linked to calcium.

IL-24 has functions in inflammatory and apoptosis pathways, seemingly in
connection with calcium signalling within cells (Persaud et al., 2016). It is
hypothesised that this is again linked to calcium within the pectin. IGFBP5 has
been found in vitro to inhibit osteogenesis by blocking the actions of IGF
(Mukherjee and Rotwein, 2008), which could provide some explanation for the

lack of differentiation of the cells from donor #33357 down an osteogenic
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lineage, although only for those cells extracted from the CU-701 pectin. Bcl2
modifying factor (BMF), found in both contrasts, has been implicated in
cytoskeleton damage and to signal cell death (Hausmann et al., 2011). If CU-
701 pectin is causing increased expression of genes related to damage and cell
death, longer term studies into viability are required to establish whether pectin

is inducing apoptosis.

The transcriptome analysis was carried out to understand whether any of the
secreted proteins implicated in the regenerative and immunomodulatory
properties of hMSCs (TGFB1, IGF1, VEGF, HGF, GDNF, BDNF, NGF, 1DO,
ILLRN) (Baez-Jurado et al., 2019, Ferreira et al., 2018) and stemness genes
(sox2, oct4, and Nanog) (Pennock et al., 2015) were differentially expressed in
response to spraying or pectin. None of these were significantly differentially
expressed in either of the contrasts evaluating spray versus syringe (PBS spray
versus PBS syringe and CU-701 spray versus CU-701 syringe). However,
TGFB1 was significantly upregulated in both the CU-701 versus PBS contrasts
(CU-701 syringe versus PBS syringe and CU-701 spray versus PBS spray), and
BDNF significantly downregulated in both contrasts. Additionally, in the CU-
701 spray versus PBS spray contrasts, NGF was significantly down regulated,
and HGF up regulated, all based on an adjusted P-value <0.1. However, it is
worth noting that none of the LFC were >2, therefore these changes were not
large. This suggests the CU-701 pectin may have very little effect on the

immunomodulatory and regenerative phenotype of the hMSCs.

As the genes highlighted in the differential gene expression in the CU-701 pectin
versus 1xPBS contrasts were associated with calcium transport or increases in
intracellular calcium, the use of exogenous calcium should be re-evaluated.
Calcium was added to pectin to induce gelation in the cell culture wells to ensure
hydrogels were formed and cells encapsulated, however gene expression
changes within the hMSCs may have occurred as a consequence. This may
require further investigation to unpick the changes in gene expression in
response to the pectin and the calcium separately. If calcium is negatively
affecting the hMSCs, the spraying within pectin process would require
optimisation to understand the behaviour of 1% w/v pectin solutions when in

contact with brain tissue to reduce or remove the need for additional calcium.
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4.6. Future work

4.6.1. Spray device development

The MAD syringe spray device was assessed for delivering cells. As previously
discussed, this reduces the amount of equipment required compared to air
pressure devices and may be more appropriate when considering the use is for
local brain delivery following TBI. Three pump bottle spray actuators were

initially considered for spraying cells, shown in Figure 4.17.

Figure 4.17 — Three bottle pump spray actuators initially investigated for
their suitability for spraying pectin and cells. All three were generously
donated by AptarPharma. On the left is the APF+ device, the centre is the
standard actuator, and the right is the nasal spray.

The use of these with cell suspensions was difficult, with an excess volume of
approximately 1 mL required to fill the void space at the bottle of the bottle, and
frequent occurrences of partial spraying resulting in inconsistent dosing. In
addition, the nasal spray was ruled out due to the requirement to invert the device
to spray, and observable variability in droplet size. The APF+ device was
initially very interesting as the air intake used after each spraying event utilises
a sterile valve, maintaining the sterility of the bottle contents. The idea of a
syringe spray device originated from removing the standard actuator and
attaching a syringe, shown below.
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Figure 4.18 — The AptarPharma standard actuator attached to a syringe for
spraying.

Better dose control, easier use, and less waste of cell suspensions were observed
in initial experiments conducted using the spray device shown in Figure 4.18.
Searches were then carried out, and the MAD sprayer chosen for subsequent cell
spraying work due to the intended use as a syringe-based spray device. Good
viability both with and without pectin were demonstrated, however the spray

pattern using pectin was not ideal due to a very narrow droplet pattern.

.” Iu‘

Figure 4.19 — Spray pattern of water and food dye on the left, and pectin on the
right. Spray pattern is shown in the shadows.

Shown in Figure 4.19, a spray is still generated when using the more viscous
pectin solution, however the droplets are ejected in a line, rather than a cone
pattern seen on the left of the figure. With more time, more work would have
been carried out to understand how to improve the spray pattern when using
pectin. Some preliminary investigations and designs were carried out, but none

of the designs were used with cells.
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On initial inspection, it appeared the device was a simple liquid pressure device
with a void space; therefore, this design was adapted, adjusting the size of the

aperture liquid leaves through.

Solid Edge

Figure 4.20 — Syringe device design (top). The inlet hole is designed to fit
standard syringes. This lead to a 1.5 mm diameter channel, a 3 mm by 2 mm
void space, and a 0.3 mm outlet hole. This device was manufactured (bottom)
and tested with water and food dye, with the spray pattern shown.

The images in Figure 4.20 show a first draft at designing and manufacturing a
spray device. Unfortunately, as seen in the lower image, the spray pattern was
more of a jet than a spray, therefore no improvement on the purchased device. A
V-notch was added to the ejection hole on the device which did improve the
spray pattern, but only when high pressures were used. The spray can be seen in
Figure 4.21.
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Figure 4.21 — The device from Figure 4.20, modified by the addition of a V-
notch on the external side of the ejection hole. The arrow indicates the water
leaving the device as a spray; however, this was only achieved using high
pressure generated by the syringe.

Further work and development would be to test designs prior to manufacture
using a programme such as the Ansys suite of software. It was hypothesised that
a helical fluid flow within the device would create surface impingement and
break up the liquid into droplets within the device before being ejected. A V-
notch on the ejection hole could also be added to cause a fan or cone spray

pattern. Both these design options are shown in Figure 4.22.

v

Figure 4.22 — A possible design option to optimise pectin and cell spraying.

Parameters such as the helix geometry, diameters, and fluid path length could be
altered and modelled to understand and optimise the effects on droplet size and
spraying pattern, and the pressure required to generate a spray. These could then

be tested using similar methods discussed in this chapter to select the best design.

As discussed, the exogenous calcium concentration used requires further
investigation and optimisation. During the gelation screen carried out in Chapter

3, it was shown that calcium concentrations found endogenously in the brain (1-
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2 mM) were not high enough to cause gelation of pectin. The optimal
concentration based on the work in Chapter 3 was 100 mM, therefore this was
used. However, this was a compromise to use pectin as a hydrogel in a cell
culture environment. In addition to gelation by calcium, pectin demonstrates
strong mucoadhesive and bio adhesive properties. This has been shown in a
variety of studies investigating pectin for a range of uses and indications, such
as buccal (Wattanakorn et al., 2010), intestinal (Thirawong et al., 2008), and
brain drug delivery (McCrorie et al., 2020). Pectin is a hydrophilic polymer with
groups available to form hydrogen bonds. It is thought this hydrophilicity and
ability to hydrogen bond with water and other molecules is the reason for the
adhesive properties of pectin (Sriamornsak et al., 2008, Sriamornsak et al.,
2010). Adhesion of pectin gels to the brain surface has been demonstrated using
a texture analyser to measure the force required to separate a pectin hydrogel
from the surface of a rat brain slice (McCrorie et al., 2020). Due to the
mucoadhesive property of pectin, a reduced concentration of calcium may be
required to achieve a hydrogel stable enough to retain hMSCs at the site of

injury.
4.7. Conclusions

The results of the cell spraying with 3T3 cells, SH-SY5Y cells, and hMSCs
indicate that the MAD sprayer is suitable for the spraying of cells. When moving
on to the use of pectin within which to spray hMSCs, again cell viability was
maintained, suggesting pectin is a suitable material for the delivery of hMSCs.
Flow cytometry analysis enabled the selection of the CU-701 grade of pectin as
this showed the smallest change in surface marker expression compared to the
PBS syringe control condition. The differentiation study requires further work
to include the hMSCs from donor #26000 and chondrocyte differentiation.
Spontaneous differentiation is not a desired response to the pectin and spraying
for use as a TBI treatment, however the potential of the cells to differentiate
down an adipogenic, osteogenic, and chondrogenic lineage would demonstrate
the cells remain MSCs after spraying in pectin. Results so far suggest the
differentiation of hMSCs down the osteogenic lineage may be inhibited which
may suggest the MSCs have lost some ‘“‘stemness”, particularly when in

combination with the result of the differential gene expression analysis showing
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the upregulation of IGFBP5 in response to CU-701 pectin. The results of the
differential gene expression analysis suggested further optimisation of the pectin
conditions may be required to minimise the response of the hMSCs to the

calcium in the pectin.
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Chapter 5 In vitro TBI modelling

5.1. Introduction

The results in Chapter 4 show that viable hMSCs can be sprayed in pectin, and
that some grades are suitable for retaining the phenotype of those sprayed cells.
This allows for progression to traumatic brain injury (TBI) models to understand
the potential efficacy of the sprayed hMSCs in pectin. Ultimately, a comparative
study would be undertaken using an animal TBI model to understand whether
local hMSC delivery by spraying in pectin is superior to intravenous delivery in
terms of improving recovery after injury. Jackson et al. (2010) has carried out a
comparative study investigating how intracerebral injection compared to
intravenous using a neuroinflammation model, finding superior transplanted cell
number in the brain when delivered intracerebrally in rats (Jackson et al., 2010).
This study did not evaluate functional recovery, however, shows there are
benefits to local delivery to improve the number of cells that reach the brain.

To better understand and optimise novel therapies, in vitro models are used
before moving to animal models. There are numerous possible models for TBI,
with varying complexity. Each TBI in vitro model published has advantages and
disadvantages, and none completely model all the injury pathways (Kumaria and
Tolias, 2008). Ex vivo tissue, primary cells, differentiated stem cells, and cell
lines have all been used in published studies investigating TBI and are discussed
in Chapter 1 (1.3.1).

Whilst cell lines have drawbacks in terms of their immortality and altered
genotype compared to primary cells, they also have many advantages such as
reduced population variation and reproducibility (Kaur, 2012). Many are easy to
culture relative to primary and stem cells, with relatively low cost, so can be used
for high-throughput modelling and to establish early in vitro models (Barbosa et
al., 2015).

The SH-SY5Y cell line is derived from human neuroblastoma and has been used
in many studies investigating novel therapies for TBI. The cells grow with
neurite-like outgrowths which can be used as a measure of response to injury
and treatment (Kovalevich and Langford, 2013). As the SH-SY5Y cell line is
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derived from human cells, the genes and proteins expressed are human. When
considering the use of human MSCs as a therapy, testing on an in vitro model
established also using human cells may offer an advantage in terms of
translatability.

SH-SY5Y cells have been used to model many injury pathways observed in
secondary TBI, including oxygen deprivation, glucose deprivation, both oxygen
and glucose deprivation combined, oxidative stress using H20., and
excitotoxicity using glutamate (Liu et al., 2018). The therapeutic benefits of
MSCs are largely mediated via the secretome (Vizoso et al., 2017). This includes
various growth factors and anti-inflammatory factors, discussed in Chapter 4
(4.1.5). One in particular is GDNF, secreted by MSCs and shown to be
neuroprotective (Neff et al., 2002, Baez-Jurado et al., 2019), which SH-SY5Y
cells are sensitive to. GDNF functions to promote survival and proliferation of
cells (Hansford and Marshall, 2005), and has been used in SH-SY5Y models of
damage (Wang et al., 2016).

Oxidative stress in TBI causes damage via reactive oxygen species, including
H20,, and is a component of the neuroinflammatory process causing cell further
cell death following the primary injury (Fesharaki-Zadeh, 2022). Glutamate
excitotoxicity also causes cell death via overstimulation of the NMDA receptors
causing the influx of Ca?*, which activates catabolic enzymes, damages the cell
and leads to cell death (Ladak et al., 2019). MSCs have demonstrated protection
against excitotoxicity mediated by glutamate, both in vitro and in vivo (Papazian
et al., 2018), and they have demonstrated immunomodulatory effects (Baez-
Jurado et al., 2019). Therefore, testing an MSC based therapy on both a
glutamate damage model, and oxidative stress damage model to imitate a
component of inflammation, is reasonable to understand possible therapeutic
benefits. SH-SY5Y cells, being of human origin, and sensitive to both damage
types, are a suitable cell line for in vitro modelling of these secondary injury

pathways for early testing.

Table 5.1 summarises studies investigating SH-SY5Y response to glutamate

injury. Hydrogen peroxide has been used in combination with SH-SY5Y cells to
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model oxidative stress and the effect of novel therapies in oxidative stress
models. Table 5.2 summarises the parameters of some of the published models.

Table 5.1 — Glutamate model conditions as reported in current literature.
Metabolic activity was measured by MTT assay in all studies.

10,000 cells/well, 96-well 8 mM glutamate for 30 30% (Hu et al,
plate, cultured in DMEM.  minutes, followed by a 12- 2012)
hour incubation

Cells cultured in 10 mM glutamate for 24 hours.  45% (Wang et al.,
MEM:F12 media. Cell 2016)
seeding density not stated.

Cell seeding density not 80 mM glutamate for 24 hours.  45% (Sun et al.,
stated. Cells cultured in 2010)

DMEM and seeded 24-48

hours prior to damaging.

50,000 cells/well, 96-well 100 mM glutamate for 3 hours.  50% (Lee et al.,
plates, seeded 24-hours 2019)

prior to damaging,

cultured in DMEM.

Table 5.2 — H,0O2 model conditions as reported in current literature. Metabolic
activity was measured by MTT assay in all studies.

6-8,000 cells/well in Cells were cultured in reduced 40% (Zhao et al.,
96-well plate. serum media for 24 hours (1% 2019)
Cultured in DMEM. FBS, reduced from 10%), before

adding 600 uM H,0, for 24 hours.

Unknown seeding 450 uM H,0; for 24 hours. 45% (Chen et al.,
density. Cultured in 2020b)
MEM:F12.

40,000 cell/well in 96- 400 uM H,0; for 24 hours. 50% (Feng et al.,
well plate. Cultured 2016)

in DMEM.

10,000 cells/well in 96- 300 uM H,0; for 24 hours. 40% (Tian et al.,
well plate. Cultured 2021)

in EMEM:F12.

100,000 cells/well in 100 puM H20; for 24 hours. 50% (Nirmaladevi
96-well plate. etal., 2014)
Cultured in

DMEM:F12.

The different protocols used by research groups when establishing SH-SY5Y
cell damage models is highlighted in Table 5.1 looking at glutamate damage,
and Table 5.2 looking at H.O, damage. The seeding density, culture media,
incubation time, concentration of glutamate or H.O2, and measured outcomes

are listed where known. In both models, there is a range of concentrations of
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glutamate and H20. used to establish cell death, with the chosen endpoint
resulting in a 30-50% reduction in metabolic activity, used as an indicator of cell
viability. These studies were used to inform the conditions used to optimise
models described in the Section 5.4.
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5.2. Hypothesis, aims, and objectives

5.2.1. Hypothesis:

Sprayed hMSCs in pectin offer therapeutic potential in an in vitro

damage model of excitotoxicity and oxidative stress.

5.2.2. Aims

Determine the effect of pectin hydrogels on the SH-SY5Y damage
models.
Determine the effect of sprayed hMSCs in pectin on the SH-SY5Y

damage models.

5.2.3. Objectives

Establish models of excitotoxicity and oxidative stress using the SH-
SY5Y cell line. Measure the metabolic activity of SH-SY5Y cell
population after the addition of different concentrations of glutamate
or H20, to find a concentration that leads to approximately 50%
reduction in metabolic activity. Metabolic activity is used as an
indicator of cell viability in all experiments.

Measure the metabolic activity of damaged SH-SY5Y cells after
incubation with pectin hydrogels.

Measure the metabolic activity of damaged SH-SY5Y cells after co-

culture with sprayed hMSCs in pectin.
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5.3. Method design
The SH-SYS5Y cell line was chosen due to the popularity of the cell line for early

brain research and previously published protocols discussed in section 5.1. The
glutamate excitotoxicity model and oxidative stress model were chosen as both
damage types are present in secondary injury in TBI (Prins et al., 2013). As
previously discussed in Chapter 4, one of the therapeutic benefits of hMSCs is
the secretion of factors able to support regeneration and repair (Baez-Jurado et
al., 2019). Therefore, SH-SY5Y co-culture models to investigate the recovery of
the cells after damage with either glutamate or H>O> were established to
understand whether the presence of pectin and hMSCs could enhance the

recovery.

SH-SY5Y cell culture, h(MSC culture, and damage model protocols were carried
out as described in Chapter 2 (Cell culture: 2.4.2. and 2.4.3, models: 2.13, 2.14,
2.15, and 2.16) The recommended seeding density for the SH-SY5Y cell line is
3x10° to 1x10° cells/cm?, with a saturation density of approximately 1x10°
cells/cm? (Kovalevich and Langford, 2013), which is a broad range, within
which all the quoted seeding densities in Table 5.1 and Table 5.2 fall. Cells in
this study were seeded at a density of 5,000 cells/well in a 96-well plate, to give
approximately 15,700 cells/cm?. This density was kept consistent when
optimising the model for use with 24-well plates. This density was lower than
many of the studies summarised in Table 5.1 and Table 5.2, however it was
chosen as it gave approximately 70-80% confluency after 24-hours of culture.
Glutamate concentrations ranging from 10-1000 mM were used to both
incorporate and exceed the range of concentrations described in Table 5.1, in
order to choose a concentration resulting in 50% reduction of viability, indicated
by a loss of metabolic activity from the cell population. H,O> concentrations
ranging from 10 — 400 uM were used in the model optimisation to select a
concentration resulting in 50% reduction in viability, indicated by a loss of
metabolic activity from the cell population.

Three models were established: (i) glutamate model; (ii) 1-hour H2O2 model and
(iii) the 24-hour H202 model. In the glutamate model cells were damaged for 1
hour with glutamate, then the media changed. Treatments were added with the

media change, and this model was used to understand the effect of the treatments
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on the recovery of the cells after damage. In the 1-hour H202 model cells were
damaged for 1 hour with H20>, then media changed. Treatments were added with
the media change, and this model was also used to understand the effect of the
treatments on the recovery of the cells after damage. In the 24-hour H20, model
cells were damaged for 24 hours with H2O>. Treatments were added at the same
time as H202. As the H20 was present throughout the 24 hours, this model was
used to understand the effect of the treatments on protecting the cells from
damage. A PrestoBlue assay was carried out after 24 hours to maintain
consistency with reported literature, and with the timeframe used in Chapter 4.
Full method description in Chapter 2 (2.16).
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5.4.1. SH-SY5Y damage model development
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Figure 5.1 — Metabolic activity of SH-SY5Y cells following damage by the addition
of A glutamate for 1 hour, B hydrogen peroxide for 1 hour, or C hydrogen peroxide
for 24 hours. In the 24-hour model, hydrogen peroxide was added and left on the
cells for 24 hours before carrying out the PrestoBlue assay. In the 1-hour models,
cells were washed after 1 hour and fresh media added. PrestoBlue metabolic assays
were carried out 24 hours after the addition of the damaging media. Results were
calculated as a percentage of the undamaged control. Tests were carried out in
triplicate on four separate occasions (N=4, n=3) and error bars show the standard

error of the mean.

Figure 5.1 shows the results of the 96-well plate damage model optimisation.
Overall, as the concentration of glutamate or H2O> in the media increases, the
metabolic activity (used to indicated viability) of the cell population decreases.
Each data point was normalised to an undamaged condition undergoing media
changes at the same time. In the glutamate model, a concentration of 400 mM
resulted in a metabolic activity close to 0%. Concentrations of glutamate ranging
from 10 — 100 mM resulted in only slight reductions in metabolic activity (down
to 94% for 100 mM).
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In the 1-hour H.O> model, concentrations of 150 — 800 puM resulted in a
reduction of metabolic activity to approximately 10%, with 1000 uM resulting
in 5% metabolic activity. In the 24-hour model, 150 uM H2O> resulted in only
7% metabolic activity, and concentrations ranging from 200 — 1000 uM lead to

0% metabolic activity.

The concentrations required to achieve approximately a 50% reduction in
metabolic activity for the glutamate model was 200 mM, and for both H20:

models, 50 UM was required.
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5.4.2. SH-SY5Y damage model development in 24-well tissue culture
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Figure 5.2 — Metabolic activity of SH-SY5Y cells following damage by the
addition of A glutamate for 1 hour, B hydrogen peroxide for 1 hour, or C
hydrogen peroxide for 24 hours. In the 24-hour model, hydrogen peroxide was
added and left on the cells for 24 hours before carrying out the PrestoBlue assay.
In the 1-hour models, cells were washed after 1 hour and fresh media added.
PrestoBlue metabolic assays were carried out 24 hours after the addition of the
damaging media, and results were calculated as a percentage of the undamaged
control. Tests were carried out in triplicate on three separate occasions (N=3,
n=3) and error bars show the standard error of the mean.

After initial method development and optimisation experiments were carried out
in 96-well, optimisation was then continued in 24-well plates due to the well
inserts (used for the co-culture model) requiring the use of 24-well plates. Figure
5.2 shows the result of the 24-well plate damage model optimisation. As in the
96-well plate model optimisation, overall, as the concentration of glutamate or
H20- in the media increases, the metabolic activity (used as an indicator of
viability) of the cell population decreases. In the glutamate model, the

concentration range was increased to include 600 and 1000 mM due to metabolic
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activity in the 96-well plate model not quite reaching 0%. At both these
concentrations in the 24-well plate, metabolic activity was reduced to
approximately 1%. A concentration of 250 mM gave the desired reduction of
50% metabolic activity.

In the 1-hour H2O2 model, 0% metabolic activity is not reached, but the
metabolic activity is reduced to <15% from 100 pM onwards. The 24-hour
model resulted in 0% metabolic activity when H>O» concentrations were greater
than 150 pM. In both the 1-hour and 24-hour models, 25 pM H20. have

approximately 50% reduction in the metabolic activity of the population of cells.

Comparing the concentrations required to reduce the metabolic activity by 50%
in the 96-well plates compared to the 24-well plates, a higher concentration of
glutamate was required in the 24-well plate (200 mM increased to 250 mM). In
the H2O2 models, a lower concentration was required in the 24-well plates (50
UM decreased to 25 pM). These results show the well plate size does seem to

affect the response of the cells to damage.
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5.4.3. Pectin hydrogel addition to SH-SY5Y damage models
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Figure 5.3 — Metabolic activity of SH-SY5Y cells in 24-well plates with or
without pectin hydrogels, following damage by the addition of A 250 mM
glutamate for 1 hour, B 25 uM H,0- for 1 hour, or C 25 uM H202 for 24 hours.
In the 1-hour models, cells were washed after 1 hour and fresh media added,
then 1% w/v pectin hydrogels added. In the 24-hour model, 1% w/v pectin
hydrogels were added immediately after the addition of H.O> media.
PrestoBlue metabolic assays were carried out after 24 hours. Results were
calculated as a percentage of the undamaged control, which had media
changes at the same time as damaged cells, but never had glutamate or H.O>
added. Tests were carried out in triplicate on three occasions (N=3, n=3). Error
bars show standard error of the mean. One-way ANOVA with a Dunnett's
post-test was carried out to determine statistical significance between the
damage control cells and all other conditions. ** shows P<0.01, *** shows
P<0.001, **** shows P<0.0001.
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Based on the results of the 24-well plate model optimisation, 250 mM glutamate,
and 25 pM H20. were used to give approximately 50% reduction in the
metabolic activity of the cell population. Figure 5.3 shows the result of the
damage models following the addition of pectin hydrogels formed using the four
different grades of pectin. All three models showed a statistically significant
difference in metabolic activity between the damaged condition and the live
control cells. The trends across the three models were similar: CU-701 and LM-
102 had the highest metabolic activity of the four pectin grades, and CU-L and
LM-104 had the lowest. This reduction was statistically significant in the 1-hour

H>02 model when compared to the damaged cells with no pectin.

When comparing the damage controls in the 1-hour H.O2 model and the 24-hour
H202 model, there is a less significant reduction (based on P-value) in the 24-
hour model. This may be due to the 1-hour model having a media change/wash
step which could remove any loosely adhered cells which would not be lost in
the 24-hour model which does not have any wash steps before the PrestoBlue
assay. This could be the cause of the lower metabolic activity in the 1-hour

model.
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5.4.4. hMSC in PBS/pectin co-culture SH-SY5Y damage models
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Figure 5.4 — Metabolic activity of SH-SY5Y damage co-culture model with
hMSCs in PBS or pectin seeded into 24-well well inserts by syringe or
spraying. SH-SY5Y cells were A undamaged, B damaged with 250 mM
glutamate for 1 hour, C damaged with 25 uM H2O> for 1 hour, or D damaged
with 25 pM H2O; for 24 hours. In 1- hour models, cells were washed after 1-
hour, fresh media added, followed by well inserts. In the 24-hour model, well
inserts were added immediately after H.O> media. PrestoBlue metabolic assays
were carried out after 24 hours. Results were calculated as a percentage of the
undamaged control, which had media changes at the same time as damaged
cells, but never had glutamate or H20. added. Tests were carried out in
duplicate using three hMSC donors (N=3, n=2). Error bars show the standard
error of the mean. One-way ANOVA with a Dunnett's post-test was carried
out to determine statistical significance between the damage control cells and
all other conditions. * shows P<0.05 and *** shows P<0.001.
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Figure 5.4 shows the results of the co-culture damage model. All three models
showed a statistically significant difference in metabolic activity between the
damaged condition and the live control. All of the treatment conditions gave very
similar metabolic activity to the untreated damaged cells, with no statistically

significant differences observed.

The damage controls for both the H.O. models in the co-culture showed more
similar reductions in metabolic activity than the models used for the pectin
hydrogels (Figure 5.3), but more variation between repeats (shown by the larger
error bars). This is possibly due the well inserts increasing the protocol time and
therefore increasing the length of time the cells are not in the incubator. Figure
5.3 also showed a higher metabolic activity in the damage control wells in the

24-hour model, however this is not seen in Figure 5.4.
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5.5. Discussion

The aim of this chapter was to determine whether the pectin hydrogels and the
hMSCs had a positive on models of excitotoxicity or oxidative stress, measured
by an increase in metabolic activity of the population of cells. Cell lines were
selected over primary cell cultures and other in vitro models for this study due
to advantages for ease of use and lower cost when carrying out larger studies
(Kumaria, 2017). All four grades of pectin were tested, and multiple damage
pathways modelled. Therefore, due to the multiple conditions being modelled,
cell lines are more suitable for high-throughput screening (Kaur, 2012). There is
a selection of cell lines commonly used to model TBI in vitro due to their
relevance to brain cells and the ease of use for larger, high-throughput screening
studies (Morrison et al., 2011). These are described in (Table 1.1) and include
the PC-12, SH-SY5Y, NG108-15, bEnd.3, BV-2, and HT22 cell lines.

The bEnd.3 cell line is derived from endothelial cells and used to model the BBB
(Berrout et al., 2012). MSCs have been shown to positively affect the BBB
stability both following injury in vivo and using the bEnd.3 in a co-culture model
(same study) (Park et al., 2015), and it would be interesting to confirm this
therapeutic effect is still observed following the delivery of MSCs in pectin.
However, for the purposes of the experiments in this chapter, the neuroprotective
and neurorestorative effects of hMSCs on neuron-like cells were under
investigation, therefore the bEnd.3 cell line was not used as it is endothelial and
used for BBB modelling.

The PC-12, SH-SY5Y, NG108-15, and HT22 cells all demonstrate neurite-like
extensions from the cell body and can be used to model neurons (Wiatrak et al.,
2020, Shipley et al., 2016, Daniels, 1974, Liu et al., 2009). All but the SH-SY5Y
cells are derived from rodents. Proteins found in the secretome of hMSCs will
be derived from human genes, and as SH-SY5Y cells were derived from humans,
these also express the human versions of genes (Kovalevich and Langford,

2013). For this reason, the human SH-SY5Y cells were chosen over the others.

When modelling excitotoxicity and oxidative stress using the SH-SY5Y cell
line, metabolic activity is commonly used as an indirect measure of cell viability

(Liu etal., 2018). To establish the concentration of glutamate and H2O> required
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to achieve a 50% reduction in the metabolic activity of the cell population,
optimisation was carried out using a range of concentrations, and PrestoBlue
used to measure metabolic activity. Similar to MTT, PrestoBlue measures
metabolic activity of the cells, but is more sensitive and has an easier to use
protocol than MTT, more amenable to high-throughput screening assays (Xu et
al., 2015). The cell density per cm? and volume to cell ratio was kept consistent
for the change from the 96-well plate to 24-well plate. The concentration
required to reduce the metabolic activity of the cell population by 50% did
change with the change in well size. In the glutamate model, the concentration
changed from 200 mM in the 96-well plate, to 250 mM in the 24-well plate. This
concentration was more than 10x higher than some values used in past studies
(Wang et al., 2016). For the H202 models, the concentration changed from 50
UM in the 96-well plate, to 25 uM in the 24-well plate, lower than the
concentrations used in the past studies listed in Table 5.2. These results show

that well size caused variability in the cell response.

The studies detailed in Table 5.2 all left H2O> on the cells for 24 hours, whereas
one model used in this study only left the H2O- on for 1 hour to be comparable
to the glutamate damage model. The concentration required for a 50% reduction
in metabolic activity was similar for both models (1-hour and 24-hour), which
suggests most of the damage occurs within the first hour. This correlates with a
meta-analysis investigating the use of H2O. in oxidative stress, which
demonstrated conversion of H202 to Oz by catalase within a few minutes (Ransy
et al., 2020).

In the 1-hour H20O2 model, CU-L and LM-104 pectin grades demonstrated a
statistically significant reduction compared to the damage control cell
population. As a result, only CU-701 and LM-102 were taken forward into the
co-culture models. The reason for this difference in metabolic activity is unclear,
however one trend observed is those two grades of pectin gel did not dissolve
during the 24-hour test period, whereas the CU-701 and LM-102 grades did.
Pectin can be broken down enzymatically (by bacterial enzymes), by hydrolysis,
or by loss of Ca?* (Liu et al., 2003). This lack of degradation could suggest the
gels may block the effective flow of nutrients, however SH-SY5Y cells

demonstrated biocompatibility in Chapter 3 (Figure 3.11), and hMSCs
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demonstrated high viability when encapsulated in all grades of pectin gel for 24-
hours (Figure 4.9). The CU-L and LM-104 grades have the lowest DM of the
four grades; 28% and 27% respectively. A lower DM is correlated with a higher
sensitivity to gelation by Ca?* (Gawkowska et al., 2018), therefore this factor
may influence cell survival. Little is known about how different pectin grades
may affect the SH-SY5Y cells following damage directly, however depletion of
intracellular calcium stores have been linked to SH-SY5Y cell death (Nguyen et
al., 2002). Future work to image the SH-SY5Y cells at the gel-cell interface
could provide insight into whether there are any interactions between the
damaged cells and the pectin hydrogel. Carrying out a calcium assay could
provide insight into whether the different DM of the pectin grades is affecting
the availability of calcium in the media and assess whether this correlates with

cell viability.

The co-culture model showed no significant differences between the damage
control cells and the treatments in all models, including no significant difference
with GDNF. GDNF functions to promote survival, proliferation, maturation,
differentiation, and neurite outgrowth in neurons (Cortés et al., 2017), and acts
to promote viability and proliferation in SH-SY5Y cells following treatment (Mu
et al., 2020). 50 ng/mL of GDNF was used on glutamate damaged SH-SY5Y
cells by Mu et al. (2020) showing increased cell proliferation in response to
GDNF. Wang et al. (2016) also an SH-SY5Y glutamate damage model and
showed higher viability of cells treated with 50 ng/mL GDNF. The concentration
of glutamate used to damage cells in that study was 10 mM (Wang et al., 2016),
which is much lower than the 250 mM used here. The cell seeding density used
by Wang et al. (2016) was not stated; both these factors could influence how the
cells respond to the presence of GDNF following damage and could explain the
lack of promotion of proliferation/viability. The metabolic activity was also not
increased when GDNF was added to undamaged cells, suggesting the

concentration of GDNF used was too low.

The co-culture models used in this chapter using the well-inserts investigated the
effect of the hMSC secretome from hMSCs in co-culture on the damaged SH-
SY5Y cells. The secretome has demonstrated efficacy in rat models of TBI

(Zhang et al., 2015), and glutamate induced damage models using SH-SY5Y
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cells where increased cell survival was seen with the addition on rat and human
MSC conditioned media (Karagyaur et al., 2021). In all the tested co-culture
conditions in this chapter, no statistically significant changes were seen. The 24-
hour H2O2 model showed slight increases in metabolic activity in the treatment
wells, however these were small and not statistically significant. Due to the
presence of H2O> throughout the 24-hour test period, the 24-hour H.O2 model
was more aimed at any protective effects of the treatment conditions. An
additional hypothesis for possible protective effects in the 24-hour H2O2 model
(in addition to the protective effects of the secretome) is the presence of
additional cells in the well inserts containing hMSCs may have aided the
conversion of H2O; into O, by catalase (Ransy et al., 2020), however as no

significant changes were seen, this was not shown in the co-culture model.

When adding a soluble test molecule, it is available to the cells immediately,
whereas the co-culture models rely on the hMSCs secreting those protein and
extracellular vesicles before a positive effect can be seen. 24 hours may not have
been enough time for the hMSCs to have an impact on the recovery of the SH-
SY5Y cells in the damage model. If time had allowed, further work using a
longer time period, or testing media conditioned with hMSCs in pectin could
have been carried out. In addition, the density of hMSCs used may have been
insufficient, therefore further work could have investigated the effect of an

increase in hMSC density.

Protection against oxidative stress by MSCs has been demonstrated in vitro
through transfer of mitochondria from MSCs to primary cortical neurons (Tseng
et al., 2021). This mechanism was not modelled here due to the use of well-
inserts but could be an interesting avenue for further work to understand whether

this would occur in damaged SH-SY5Y cells.

There are many TBI models available and hMSCs secrete many factors that are
therapeutically active via many different pathways (Eleuteri and Fierabracci,
2019). The response to the secretome of hMSCs in vivo involves many cell types
and research is ongoing to develop and enhance the regenerative potential of
hMSCs and the secretome (Pischiutta et al., 2022). Other cell types found in the
brain, such as astrocytes, microglia, and oligodendrocytes, have been implicated
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in the response to hMSCs in TBI (Adugna et al., 2022)., therefore co-culture

models incorporating these cell types could be used in future work.

Down regulation of neuroinflammation is an additional mechanism of action by
which hMSCs are therapeutically active in the treatment of TBI. Pectin has also
demonstrated reduced inflammation when delivered both orally (Lim et al.,
2003), and as a capsule surrounding alginate beads containing pancreatic islet
cells for transplant to diabetic mice (Hu et al.,, 2020b, Hu et al., 2020a).
Therefore, an organotypic model investigating inflammatory damage could
provide insight into possible protection against neuroinflammation. Stucky et al.
(2015) used rat organotypic hippocampal slices to model inflammation induced
by the administration of lipopolysaccharide. They were looking at the possible
modulation of neuroinflammation by hMSCs encapsulated in alginate beads.
The study showed that encapsulated hMSCs reduced the expression of the pro-
inflammatory cytokine TNF-a, and the encapsulated hMSCs themselves
increased the expression of prostaglandin E> (Stucky et al., 2015). Future work
using this model to establish dose responses, pectin grade responses, and the
effect of spraying vs syringing the therapy could provide insight into
immunomodulatory effects. The use of an organotypic culture could also be used
to understand the effect of the mucoadhesive properties of pectin for cell delivery

to the brain.

Animal models ultimately demonstrate efficacy and safety prior to human trials;
however, it can be difficult to pick apart the mechanisms of action due to a higher
level of complexity, which is where in vitro models have merit (Morrison et al.,
2011). Following further work and characterisation using alternative in vitro
models described above, progression to animal models of TBI to compare spray
delivery of cells in pectin to intravenous delivery could be carried out. Efficacy
in immunomodulation has been demonstrated following intravenous delivery of
MSC:s to rats injured using a weight-drop model (Zhang et al., 2013), therefore,
this may be a suitable starting place when considering the design of a

comparative animal study.
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5.6. Conclusions

The results of the model optimisation demonstrate that model of excitotoxicity
and oxidative stress were established, but differences were seen when scaling
the model up to larger well sizes, therefore this is an important variable to
consider. Concentrations of glutamate and H2O2 were established to give a 50%
reduction in the metabolic activity of the population of SH-SY5Y cells. The
models were used in combination with the four grades of pectin hydrogels. The
result of these, in combination with results from Chapter 4, led to the
identification of two potentially unsuitable pectin grades which were not taken
forward to the co-culture model.

The results of the three co-culture SH-SY5Y damage models showed that the
hMSCs in pectin, delivered by any either syringe or spray, did not have efficacy
in recovering/protecting cells damaged by glutamate or H20,. This indicates that
the secretome from the hMSCs, over the 24-hour test period, was insufficient in
promoting survival or proliferation of the SH-SY5Y cells. The use of alternative
in vitro models, using other injury mechanisms, would further add to the
understanding of whether delivery of hMSCs in pectin, by spraying, is a viable

treatment option for TBI patients.
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6.1. Discussion

MSCs have demonstrated efficacy in aiding repair following TBI in numerous
animal models due to the immunomodulatory and regenerative effects of
secreted proteins and extracellular vesicles (Chen et al., 2022, Anbari et al.,
2014, Zanier et al., 2011), and in human clinical trials (Wang et al., 2013, Wang
et al., 2017). Intravenous delivery is often the delivery method of choice for
therapeutic cells, however poor migration to the brain has been demonstrated
(Harting et al., 2009, Jackson et al., 2010). Intrathecal delivery has been
investigated in human trials, however topical delivery to the brain will result in
the highest proportion of cells delivered being at the site of injury, and the use
of a material to retain cells at the delivery site could enhance this further (Lam
etal., 2014).

Hence, to enhance the number of cells delivered, the overarching aim of this
work was to evaluate the effect of spraying within pectin solutions on human
MSCs to determine whether this may be an appropriate method for topical
delivery to the brain. To date topical delivery of therapeutic cells by spraying
has been principally investigated for wound care (Wood et al., 2012, Zhang et
al., 2022, Pehlivaner Kara and Ekenseair, 2016) and lung delivery (Beneke et
al., 2018, Thiebes et al., 2021). These studies have identified some key features
of spraying to enhance viability, such as low pressure (Schwartz et al., 2017),
large nozzle size (Veazey et al., 2005), and low viscosity (Hendriks et al., 2015).

To aid topical delivery, materials for cell delivery can be used to prevent cells
running away from the delivery site and aid delivery to uneven topographies
(Moakes et al., 2022). For spraying, a material must have a low enough viscosity
at the point of spraying to pass through the spray device used. This could include
materials with shear-thinning properties, thermo-responsive gels, or materials
which will gel in situ. This study aimed to evaluate the use of pectin for cell
spraying as it has shown biocompatibility (Hartman, 1943, McCrorie et al.,
2020), mucoadhesive properties (Sriamornsak et al., 2010), including to brain
tissue (McCrorie et al., 2020), and will form a gel in the presence of Ca?* (Grant,
1973), which is found in the brain (Egelman and Read Montague, 1999). The
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DM and DA have been shown to affect the gelation properties (Gawkowska et
al., 2018), therefore four different grades were selected to determine whether
there was a more suitable grade of pectin for the application in spraying hMSCs.
The spray device selected for evaluation was the mucosal atomisation device
(MAD) syringe sprayer, due to ease-of-use, with few parts for sterilisation and

simple spray set-up.

The thesis hypothesis was that pectin would have suitable mechanical and
biocompatibility properties for spraying hMSCs, and that when spayed in pectin,
hMSCs would remain viable. Four grades of pectin (CU-701, CU-L, LM-102,
and LM-104), each with different degrees of methylation (DM) and amidation
(DA), were assessed for mechanical properties such as viscosity and gelation,
for cytotoxicity. Next, the pectin grade suitability for spraying hMSCs was
assessed by determining the viability, morphology, phenotype, and differential
gene expression following spraying in pectin. In vitro models of TBI were then

established to evaluate the efficacy of the sprayed pectin and hMSCs .

6.1.1. Pectin characterisation

In Chapter 3, an activated charcoal pectin purification method was evaluated
based on a method developed for alginate (Bender, 2013), and subsequently used
for the CU-701 grade of pectin (Neves et al., 2015). The purification method
was evaluated with the four grades of pectin (CU-701, CU-L, LM-102, and LM-
104) by BCA protein assay and FTIR; however, the comparison to the work by
Neves et al. (2015) was limited due to being unable to repeat the evaluation of
polyphenol and LPS content. The protein content reduction in each grade of
pectin tested was lower than that achieved by Neves et al. (2015). The FTIR
spectra of the purified pectin assessed in this thesis appeared to have fewer peaks
not associated with the bonds within pectin, indicating the removal of non-pectin

contaminants.

The gelation properties of the different grades of purified pectin dissolved in
different diluents were assessed as the presence of monovalent cations, such as
Na* found in 1xPBS and NaCl, can prevent the pectin chains cross-linking by
Ca?* (Fan et al., 2021). It was found that changing the diluent and adjusting the
pH of the pectin solutions to 7.4 did not prevent the gelation of pectin by Ca?*,
In the 1% wi/v pectin dissolved in 1xPBS at pH 7.4, the pectin gel strength at
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each calcium concentration was equal or greater that the 1% w/v pectin in water
condition, except with LM-102 which had a slightly reduced gel strength in the
1xPBS condition. Pectin solutions at 1% w/v dissolved 1xPBS pH 7.4 were used
for all subsequent experiments in all chapters.

The viscosity of the 1% wi/v pectin solutions were assessed at shear rates relevant
to the spraying process, calculated based on the MAD sprayer dimensions. The
four pectin grades showed Newtonian or slight shear thinning properties, which
was greatest for the CU-701 pectin grade. This is consistent with published data
using low pectin concentration (around 1% w/v) (Chen et al., 2020a,
Peighambardoust et al., 2021). At the calculated maximum shear rate of 7,958
1/s within the MAD, CU-701 pectin (the most viscous) had a viscosity of

approximately 12 mPa-s.

A lower DM has been shown to lead to higher Ca?* sensitivity and stronger gel
formation (Gawkowska et al., 2018), a trend that was also observed in the results
of the amplitude sweep and Young’s modulus testing. A higher DA had been
reported to stabilise gels formed when the pectin was at a low pH (Fraeye et al.,
2010), however the pectin gels tested here were formed at pH 7.4 therefore this

may be why the result was not in agreement with published data.

All grades of pectin demonstrated biocompatibility in cytotoxicity testing based
on ISO 10993-5 using both the direct and elution method. There was a trend
towards a lower metabolic activity (used as the indicator for viability) when the
lower concentration of Ca?* (25 mM) was used to cause gelation. McCrorie et
al. (2020) hypothesised this was due to Ca?* sequestration from the media. 100
mM pectin was selected as this showed the lowest cytotoxicity and as
compromise to ensure handling of the pectin gels for use with cells in tissue
culture, however it is possible due to the mucoadhesive properties (Sriamornsak
et al., 2010) particularly to the brain (McCrorie et al., 2020), this could have

been reduced if the pectin was used in vivo or on ex vivo tissue.

6.1.2. Optimisation of cell spraying in pectin

Chapter 4 aimed to optimise the parameters for cell spraying, and to compare the
effect of spraying in pectin on primary human MSCs derived from bone marrow
with those sprayed or syringed in 1xPBS. The MAD syringe sprayer was
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evaluated, which had been designed for use in nasal drug delivery (Denton,
2022). The patent claimed a small void space within the device which minimised
drug loss (Denton, 2022), and this was also true of SH-SY5Y cells when the cell
density after spraying was tested as the cell number was approximately

equivalent before and after spraying.

It was determined that the concentration at which cells were sprayed did not
affect the measured viability using the 3T3 cell line, the SH-SY5Y cell line, or
the hMSCs. This result was supported by published data using the U937 human
monocyte-like cell line at two concentrations (Beneke et al., 2018) and hMSCs
(Thiebes et al., 2021) using five cell concentrations (1x10° — 4x10° cells/mL)
with no differences in viability. The viscosity of the highest viscosity of pectin
measured at the shear rate relevant to the MAD was 12 mPa-s, which based on
work by Hendriks et al. (2015) suggested viability may be as low as 30%.
However, their work used an airbrush device which uses pressurised air to
generate a spray (Hendriks et al., 2015), whereas here the MAD was used and
viability of the hMSCs was not significantly affected when they were sprayed in

any of the 1% wi/v pectin solutions.

The CU-701 pectin grade was selected for further characterisation based on the
result of the flow cytometry surface marker analysis as the only grade not to
result in a significant up regulation in CD34, CD11b, CD19, CD45, and HLA-
DR, or down regulation in CD90, CD105, or CD73 when compared to the PBS
syringe control condition. The differentiation potential was also assessed as
hMSCs should be able to differentiate down an adipogenic, osteogenic, and
chondrogenic lineage (Dominici et al., 2006). Material stiffness, chemistry, and
topography are all known to influence cell differentiation (McMurray et al.,
2015), however it was hypothesised that as the cells were only in the CU-701
pectin for 24 hours before being removed and seeded for the differentiation
study, this would not be long enough to induce differentiation alone. Using two
of the three donors, none of the cell conditions (PBS syringe, PBS spray, CU-701
syringe, and CU-701 spray) induced spontaneous differentiation. All of the
conditions for both donors were able to differentiate down the adipogenic
lineage, however the cells from donor #33357 did not differentiate down an

osteogenic lineage. The cells were allowed 14 days in differentiation media, as

180



Discussion, future work, and conclusions

per the manufacturer’s protocol, but this was not as long as other studies (Diez

et al., 2015) therefore this may be the reason for the lack of differentiation.

The differential gene expression analysis was carried out using the contrasts PBS
spray versus PBS syringe, CU-701 spray versus CU-701 syringe, CU-701
syringe versus PBS syringe, and CU-701 spray versus PBS spray. When material
(PBS or CU-701) was kept the same, but the delivery method differed (spray
versus syringe), there was a relatively small number of differentially expressed
genes (0.35% and 0.25% for PBS and CU-701 respectively). However, when the
delivery method was kept the same, and the material differed, 12.7% and 14.1%
of genes (for syringe and spray conditions respectively) were differentially
expressed. The PCA confirmed this, and also highlighted the variation in gene
expression caused by the different donors. Both these results agree with
published data showing the presence of nanosilicate material results in around
4000 genes being differentially expressed (Carrow et al., 2018), and that
variation in the sex of MSC donors affect the expression of key genes implicated
in the pathways involved in inflammation (Bianconi et al., 2020). Of the top 20
up regulated genes, a number of those found in both material contrasts (CU-701
versus PBS) were implicated in calcium transport or signalling. This is likely
due to the Ca?* used to induce gelation and highlights a possible limitation with
using the higher concentrations of Ca?* required to be able to form gels for use

in cell culture wells.

6.1.3. In vitro modelling of TBI

The SH-SY5Y human neuroblastoma cell line was selected to establish models
of excitotoxicity and oxidative stress, two key features of secondary injury (Kaur
and Sharma, 2018). The cell line is human, therefore expresses human versions
of genes on which the human secretome from the MSCs may act (Kovalevich
and Langford, 2013). Previously published studies using the SH-SY5Y cell line
to model both excitotoxicity and oxidative stress have shown variability in cell
seeding density, concentration of glutamate or H,O. used, and measured
metabolic activity. Glutamate concentrations ranged from 8 mM (Hu et al.,
2012) to 100 mM (Lee et al., 2019) therefore, a range of concentrations were
used to optimise the model and establish a concentration resulting in a 50%

reduction in the metabolic activity (used as an indicator of viability) of the cell
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population. 250 mM glutamate was selected as this showed 50% metabolic
activity in both 96-well and 24-well plates. This was higher than published
literature, however the cell seeding density and duration the glutamate was on
the cells for also differed, which could have affected how the cells responded to

damage.

The oxidative stress models published are similarly variable, using
concentrations of H.O> ranging from 100 uM (Nirmaladevi et al., 2014) to 600
MM (Zhao et al., 2019). Again, a range of H>O> concentrations were tested to
establish a concentration resulting in 50% metabolic activity from the cell
populations. 25 uM was selected for both the 1-hour and 24-hour models, and

this concentration also scaled between the 96-well and the 24-well plates.

The different grades of pectin were then tested on the different models, with
CU-L and LM-104 demonstrating a significant reduction in metabolic activity
of the cell population in the 1-hour oxidative stress model. These two grades had
the lowest DM of the four grades, which may have led to calcium sequestration
from the cell culture media as a lower DM correlated with higher Ca?* sensitivity
(Gawkowska et al., 2018). Depletion of intracellular calcium in SH-SY5Y cells
is linked to increased cell death (Nguyen et al., 2002), therefore if the lower DM
pectin grades are sequestering calcium from the media, this may be the cause of
the lower metabolic activity.

Based on the results of testing the different pectin grades on the models, LM-102
and CU-701 were taken forward into the co-culture models. For these, hMSCs
in 1XxPBS, LM-102 pectin, or CU-701 pectin were syringed or sprayed into well
inserts to test the effect on the damaged SH-SY5Y cells. There were no
significant changes observed, including hMSCs in 1xPBS. hMSCs are known to
have a positive effect in recovery in TBI models (Hasan et al., 2017), so based
on the results in Chapter 5, the hMSC treatment required further optimisation,
or has therapeutic effects via pathways other than the excitotoxicity and

oxidative stress modelled in isolation here.

6.1.4. Summary
In summary, the work completed in this thesis has demonstrated that pectin has
suitable mechanical and biocompatibility properties for spraying viable hMSCs.
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The MAD syringe sprayer can be used to deliver viable hMSCs, with the
retention of the MSC surface markers, shown by flow cytometry. The process of
spraying appears to have little effect on the gene expression of the hMSCs,
highlighting that the use of syringe spray devices may be an appropriate local or

topical cell delivery method.

6.2. Future work

Whilst the work completed in this thesis presents a promising start for the use of
pectin for the spray delivery of hMSCs, there are some areas where further
optimisation and experimentation could be carried out. The spray device used
(MAD) showed good viability with the hMSCs, however the spray pattern with
pectin could be improved. Additionally, to ensure gelation in the cell culture
conditions, additional calcium had to be added to the pectin. The differential
gene expression analysis highlighted the effect of this on the gene expression,
therefore further optimisation using ex vivo tissue to reduce this calcium

concentration is required.

The in vitro models used in Chapter 5 demonstrated robust responses to
oxidative stress and excitotoxicity, however improvements in metabolic activity
of the SH-SY5Y cells in response to treatment were not demonstrated using the
co-culture models. Additional in vitro modelling of alternative pathways,
including neuroinflammation, could further elucidate the pathways by which the
pectin and hMSC therapy may have a therapeutic effect. MSCs encapsulated in
alginate have demonstrated modulation of neuroinflammation in an organotypic
model (Stucky et al., 2015). Replicating this model could provide insight into
both the mucoadhesion of sprayed hMSCs in pectin and whether MSCs

encapsulated in pectin could also reduce neuroinflammation.

Animal models would be used to compare local spray delivery of cells in pectin
to other MSC delivery pathways to evaluate whether the spray delivery in pectin
may be a viable delivery route of hMSCs for TBI patients. To determine whether
spraying of MSCs in pectin offers a superior delivery route to intravenous or
intrathecal delivery, a comparison would need to be made in animal models. The
use of pectin in the delivery method is to aid the retention at the delivery site,
rather than to be used as a scaffold for lesion repair. For this reason, an animal

model with large lesions (such as those in penetrating or blast models) would be
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less appropriate. The fluid percussion, controlled cortical impact, or the weight
drop models all cause diffuse injuries which have injury characteristics similar
to those seen in human TBIs resulting from road traffic collisions and falls,
which cause the largest proportion of TBIs (Hyder et al., 2007, Dewan et al.,
2019). In addition, MSCs delivered to rats injured via these three models have
shown improvements in neurological outcomes (Chen et al., 2022, Zanier et al.,
2011, Anbari et al., 2014), therefore there is a rationale for testing the sprayed
pectin delivery method in one of these models.

Longer term, consideration must be given to the translation of spraying MSCs in
pectin as a delivery method to the clinic. For use in the brain, validation of the
activated charcoal purification method would be required to confirm consistent
removal of LPS. For use as a medical device, LPS levels are required to be <0.06
EU/mL (FDA, 2012). The spray device evaluated here was the MAD spray
device, however as discussed, spraying may be optimised by designing a device
specifically for the purpose of spraying pectin and hMSCs. The design process
should include consultation with clinicians to optimise the spray device based
on their requirements. The device must be easily sterilised, made from an
inexpensive and easy to manufacture material, generate a suitable spray pattern

with the retention of cell viability, and be simple to use in a surgical setting.

MSCs can be obtained from an allogeneic source for therapeutic use, making an
“off-the-shelf” therapy more achievable (Oliva et al., 2019). However, shown in
this thesis and in published work, donor variability requires consideration to
ensure the MSC are maximally efficacious as a treatment (Bianconi et al., 2020).
Scalability is another factor to consider when aiming for translation to the clinic.
The cell density used throughout this thesis was chosen to compare to 2D
cultures, however the cell number required for animal models, then for humans,
would be much higher. Although there was no correlation seen between cell
concentration and viability when spraying the cells, validation of higher cell
concentrations would be required. Prior to any clinical trials involving humans,
both efficacy and safety must be demonstrated in animal models. The use of
hMSCs have demonstrated safety in humans, however pectin has not been
delivered to human brains, therefore thorough safety testing must be

demonstrated. MSCs, pectin, and the spray device would need to satisfy
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regulatory requirements prior to human use. Processes including pectin
purification and sterilisation, and MSCs culture would need to be carried out
according to good manufacturing processes. Future work should aim to
incorporate these factors into workflows to ensure translation to humans is

possible and feasible.

6.3. Conclusions

This thesis has aimed to test the hypothesis that spraying within pectin is suitable
for nMSC delivery, with cells retaining their viability and phenotype as hMSCs.
This was the first time the MAD sprayer and pectin has been investigated for use
in spray delivery of cells. The viability of the hMSCs was retained after spraying,
suggesting pectin has suitable mechanical and biocompatibility properties for
spray delivery. For the retention of hMSC phenotype, the CU-701 grade of
pectin was deemed to be the most suitable and was therefore taken forward into
further testing. The differential gene expression analysis has highlighted some
key factors for further optimisation and demonstrated that process of spraying
has little effect on the gene expression of hMSCs. Models of excitotoxicity and
oxidative stress were developed and tested in co-culture. The results indicate that
hMSCs may have limited effects on these injury pathways in isolation, however
there are many additional models of TBI pathways which could be tested. This
thesis has provided some key information to inform further development of

spraying in pectin as a method of local hMSC delivery.
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