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Abstract

Chronic Obstructive Pulmonary Disease (COPD) is a major public health issue, affecting
64 million people globally. COPD is defined as a lung disease characterised by chronic
obstruction of lung airflow that interferes with normal breathing and is not fully
reversible. This obstruction is due to a combination of airway and parenchymal
damage, associated with an enhanced chronic inflammatory response to noxious
particles present in tobacco smoke. Despite the significant evolution of medical
treatment options for COPD in the last two decades, it is still an incurable disease.
Current interventions include pharmacological agents, which primarily aim for
symptomatic control, and lung transplantation for those in end-stage disease.
However, neither of these options treat or address the underlying disease state or
progressive damage being caused, meaning there is an unmet clinical need for the
investigation of novel strategies that can achieve this at a much earlier stage in disease

development.

The overall objective of this research was to develop novel delivery systems suitable for
minimally invasive drug and cell delivery that could have potential applications in the
treatment of COPD. Our central hypothesis was that hydrogels and solid lipid
nanoparticles can be used as drug and cell delivery vectors, which are then capable of
exerting an anti-inflammatory effect on the local environment present in COPD. It was
hypothesised that Human Mesenchymal Stem Cells (hMSCs) could be utilised to exert
an anti-inflammatory effect via paracrine actions, and all trans-Retinoic Acid (atRA) as
an anti-inflammatory signalling molecule. Strategies such as these may provide
alternatives to current therapies which have suboptimal effects and also enable loco-

regional delivery of therapeutics, which could significantly enhance clinical outcomes.

This thesis initially investigated a methylcellulose, collagen and beta-glycerophosphate
hydrogel for its thermoresponsive properties and ability to maintain viability of

encapsulated stem cells. This hydrogel (“Respiragel”) underwent sol-gel transition at



37°C and was physically robust in nature. Respiragel could be delivered through a
range of common clinical devices, facilitated encapsulation of hMSCs and also
maintained their survival and proliferation. Respiragel could be sterilised using gamma
irradiation, which did not adversely affect either its thermogelation properties or cell

encapsulation ability, establishing it as a highly suitable delivery vector for this cell

type.

In order to assess further hydrogel biomaterials for their ability to support cell
encapsulation, novel self-assembling co-polypeptides, Star-PLL-PLT and Linear-PLL-PLT,
were developed. Both polymers were capable of forming hydrogels spontaneously on
addition of aqueous media. The Star-PLL-PLT showed superior rheological properties
and physical robustness than the Linear-PLL-PLT. Both hydrogels could be pushed
through a range of clinical devices, indicating promise for minimally invasive delivery.
However, both hydrogels were cytotoxic on encapsulation of hMSCs, demonstrating

their lack of suitability as a cell delivery vector in their current form.

Solid lipid nanoparticles (SLNs) were formulated which were capable of a high degree
of encapsulation of all trans-Retinoic Acid (atRA). SLNs were biocompatible and
enabled sustained release of atRA. Suspension of atRA SLNs within the previously
developed Respiragel was possible with no resulting negative effects on
thermoresponse or atRA release. Thus, atRA SLNs suspended in Respiragel forms a
promising combinatorial drug delivery system which has the potential to enable loco-
regional delivery of atRA to the lung using minimally invasive delivery device

technology.

Evaluation of atRA SLNs and atRA SLN/Respiragel formulations in an in vitro model of
inflammation in COPD was performed, with both formulations demonstrating an anti-
inflammatory effect through a reduction in IL-6 and IL-8 concentrations. This data has
shown that atRA could modulate the inflammatory environment in COPD, which may

result in a potential reduction in airway destruction. The hMSC/Respiragel formulation



however, resulted in an increase in IL-6 and IL-8 — possibly indicating a pro-

inflammatory reaction of MSCs when placed in an already inflammatory environment.

Collectively, the research presented in this thesis has resulted in the investigation of
multiple formulations as potential cell or drug carriers which can be delivered in a
minimally invasive manner. This thesis has highlighted potential shortcomings of the
use of MSCs in the treatment of chronic inflammatory conditions, which need to be
verified in further detailed studies. However, both atRA SLNs and a thermoresponsive
hydrogel (Respiragel), when used in combination, provide unique potential for the

loco-regional delivery of anti-inflammatory therapeutic agents in COPD.
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1.1.Anatomy, physiology and pathophysiology of the lung and COPD

1.1.1. Anatomy of the lung
The lungs are the essential organs of the respiratory tract that enable us to exchange
oxygen and carbon dioxide with the environment, to facilitate respiration within cells
and tissue. The human respiratory tract contains nearly 50 different cell types along its
hierarchical structure [1], which can be subdivided into two distinct sections; the
proximal (or conducting) airways, and the distal airways. Air is inhaled through the
nose and mouth, passing through the larynx and trachea and then into a rapidly
dividing series of bronchi and bronchioles — this section is referred to as the proximal
or conducting airway (Figure 1.1) [2]. The distal airways then (or respiratory airways),
comprise the non-cartilaginous section of terminal bronchioles and alveoli, which are
responsible for gas exchange. The diverse range of cell types spread across the airways

is primarily separated into these defined regions as a reflection of their functionality.
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Figure 1.1. The respiratory tract, subdivided into conducting (proximal) and respiratory (distal) zones.

Adapted from (3).

1.1.2. Physiology of the lung
The large proximal airways are composed of the trachea, the bronchi and the
bronchioles, which are >2-2.5 mm in diameter [3]. The basic structure of the lining of
the trachea and bronchi is a pseudostratified columnar epithelium containing ciliated
cells, goblet cells, and basal and intermediate cells, among others [1]. The respiratory
epithelium constitutes the interface between the external and internal environments,
and as such, plays an important role in innate defence [4]. Ciliated cells are the
predominant cell type within the proximal airways, accounting for over 50% of all
epithelial cells [5]. Their primary role is the directional transport of mucous from the

lung to the throat, facilitating clearance of inhaled environmental toxins or infectious
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particles [6]. Goblet cells are involved in the production of the correct amount of
mucus, of the correct viscoelasticity, which is important for efficient mucociliary
clearance [7]. The presence of a mucus layer also acts as a diffusional buffer to protect
the cells from noxious gases that may be inhaled. Basal cells then, are ubiquitous in the
conducting epithelium, though the number of these cells decreases with airway size
[8]. Basal cells are the only cells that are firmly attached to the basement membrane,
and as such play a role in the attachment of more superficial cells. It is also thought
that basal cells are the primary stem cell present, giving rise to goblet and ciliated
epithelial cells [8]. Clara (or club) cells are located in the large bronchi and smaller
bronchioles, and are thought to produce bronchiolar surfactant [9]. In addition to the
production of secretions, the epithelium also produces signalling molecules and
inflammatory mediators such as IL-1, IL-6, IL-8 and leukotrienes, which recruit immune

cells to elicit a response in times of infection [10].

The distal airways, composed of non-cartilaginous conducting airways with an internal
diameter of <2 mm, include the terminal bronchioles which end at the alveoli, the
structural units responsible for gaseous exchange. This region is composed of a
continuous layer of epithelial cells; descending further from the proximal region results
in the continued appearance of Clara cells and neuroendocrine cells [11]. This coincides
with a decrease in the presence of secretory cells and ciliated cells. The alveoli sacs
themselves are lined with squamous type | pneumocytes (also known as alveolar type |
epithelial cells, or AT-I cells) interspersed with cuboidal type Il pneumocytes (also
known as alveolar type Il epithelial cells, or AT-Il cells). Type | pneumocytes are
responsible for carrying out gasous exchange and account for 93% of all alveolar cells.
They are located at close proximity to capillaries, allowing rapid diffusion of gases to
and from the bloodstream over distances of just 1 um [12]. Type Il pneumocytes
produce surfactant, and account for 6% of all alveolar cells. This surfactant is essential
in maintaining low surface tension at the air-liquid interface, thereby preventing

collapse of the alveoli on expiration [13].
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Figure 1.2. Simplified scheme of the structure of the airway wall at the three principal levels. The
epithelial layer gradually becomes reduced from pseudostratified to cuboidal and then to squamous. The
organization of the airway wall is mainly a mosaic of epithelial and secretory cells. In the alveoli, the
smooth muscle layer is not present. The fibrous layer contains cartilage only in bronchi and gradually

becomes thinner as the alveoli are approached. Adapted from [14].

1.1.3. Chronic Obstructive Pulmonary Disease and its pathophysiology
Chronic Obstructive Pulmonary Disease (COPD) is a major public health issue, affecting
64 million people worldwide, according to latest World Health Organisation (WHO)
estimates (2004). More than 3 million people died of COPD in 2012, which is equal to
6% of all deaths globally that year. WHO predicts COPD will become the third leading
cause of death worldwide by 2030 [15].

The WHO defines COPD as a lung disease characterised by chronic obstruction of lung
airflow that interferes with normal breathing and is not fully reversible. The airflow

obstruction does not change markedly over several months and is usually progressive
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in the long term. The National Institute for Health and Care Excellence (NICE) in the UK
define airflow obstruction as a reduced FEV1/FVC ratio, where FEV1 is forced expiratory
volume in 1 second and the FVC is the forced vital capacity, such that FEV1/FVC is less
than 0.7 [16]. The Global Initiative for Chronic Obstructive Lung Disease (GOLD) has
issued a classification system for COPD based on airflow limitation severity (Table 1.1).
There is no single diagnostic test for COPD, so this is often based on clinical judgement,

patient history, physical examination and confirmation using spirometry.

Table 1.1. Classification of airflow limitation severity in COPD (based on post-bronchodilator FEV1) and in
patients with FEV1/FVC < 0.70. Adapted from (17).

GOLD 1 Mild FEV1 280% predicted

GOLD 2 Moderate 50% < FEV: < 80%
predicted

GOLD 3 Severe 30% < FEVi < 50%
predicted

GOLD 4 Very Severe FEV1 < 30% predicted

COPD (now the preferred term for the conditions in patients previously known as
chronic bronchitis and emphysema), is predominantly caused by smoking [17]. Other
risk factors include exposure to air pollution and occupational dusts and irritants. The
characteristic airflow obstruction is present because of a combination of airway and
parenchymal damage. This damage is associated with an enhanced chronic
inflammatory response in the airways and the lung to noxious particles or gases

present in tobacco smoke [18].

Patients with COPD often describe symptoms of breathlessness and chronic cough
which are caused by structural changes occurring with disease progression, such as loss

of alveolar septation and enlargement of terminal airspaces. These changes lead to a
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reduction in elastic recoil of the lungs, hyperinflation on inhalation, airflow obstruction
and a loss of alveolar surface area, resulting in a reduction in gaseous exchange [19-
21]. These pathological changes lead to unfavourable lung mechanics, and results in
repeated cycles of exacerbation (acute worsening of symptoms), increased mucus
production and infection (Figure 1.3). Exacerbations appear to accelerate the decline in
lung function, with consequences such as decreased physical activity, poor quality of
life, and an increased risk of death, as well as being responsible for a large proportion

of healthcare costs associated with this disease [22].
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Figure 1.3. Mechanism for acute exacerbations in chronic obstructive pulmonary disease (COPD). Triggers
of COPD exacerbations include infectious agents such as bacteria and viruses and non-infectious agents
such as air pollution. These stimuli activate airway epithelial cells and macrophages to release
inflammatory cytokines including tumour necrosis factor o (TNF-a), interleukin 6 (IL-6), and IL-8. These
cytokines lead to neutrophil recruitment and the release of reactive oxidant species (ROS) and proteases

from activated neutrophils, which magnify the inflammatory process. Reproduced from [23].
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In this research, we will focus on the inflammatory pathogenesis of COPD.
Inflammation is present in the lungs, particularly the small airways, of all people who
smoke. This normal protective response to the inhaled toxins is heightened in COPD,
leading to tissue destruction, impairment of the defence mechanisms which limit such
destruction and disruption of the repair mechanisms. In general, the inflammatory and
structural changes increase with disease severity and persist even after smoking
cessation [24,25]. In terms of inflammatory cells, COPD is characterised by increased
numbers of neutrophils, macrophages and T lymphocytes in the lungs [26]. Neutrophils
are often increased in the sputum and distal air spaces, with increasing numbers being
found on disease progression. Macrophages are increased in number in the airways,
parenchyma and in bronchoalveolar lavage (BAL) fluid. T lymphocytes are increased in
the airways and the lung parenchyma, with an increase in Thl and Tcl also being
observed (which produce interferon gamma (IFN-y)). Finally B lymphocytes are
increased in the peripheral airways and within lymphoid follicles, possibly as a result of
chronic infection in the airways [26]. In general, the extent of inflammation is related
to the degree of airway obstruction [27]. These inflammatory cells release a variety of
cytokines and mediators that participate in the disease process. Examples of such

inflammatory mediators are:

(a) leukotriene B4, a neutrophil and T cell chemoattractant which is produced by
macrophages, neutrophils and epithelial cells;

(b) chemotactic factors such as the CXC chemokine interleukin 8 (IL-8), which is
produced by macrophages and epithelial cells and which attracts cells from the
circulation to amplify pro-inflammatory responses;

(c) pro-inflammatory cytokines such as tumour necrosis factor alpha (TNF-a),
interleukin 6 (IL-6) and interleukin 1 beta (IL-18); and finally

(d) growth factors such as transforming growth factor beta (TGF-B), which may

cause fibrosis in the airways [28].
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Figure 1.4. Sagittal slice of lung removed from a patient who received a lung transplant for COPD.
Centrilobular lesions have coalesced to produce severe lung destruction in the upper lobe. Reproduced

from [28].

1.2.Chronic Obstructive Pulmonary Disease today: management

options and limitations

1.2.1. Pharmacotherapy
Despite the significant evolution of medical treatment options for COPD in the last two
decades, it is still an incurable disease. Medical treatment options for non-hospitalised
patients currently aim to relieve symptoms, improve exercise tolerance, improve
overall health status, prevent exacerbations, and reduce mortality. Pharmacological
treatment strategies usually follow a stepwise approach depending on disease severity.
Treatment guidelines issued by NICE in the UK for the use of inhaled medications in
COPD are set out in the algorithm shown in Figure 1.5 [29]. Initial management
involves the use of bronchodilators such as short and long acting B»-agonists (e.g.

salbutamol, fomoterol) and anticholinergics (ipratropium, tiotropium) [18]. Inhaled
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corticosteroids (e.g. beclometasone, budesonide) can be added in to the treatment

plan, and exert an anti-inflammatory effect on the airways. Other pharmacological

options which may be used in combination treatment regimens include theophylline,

phosphodiesterase-4 inhibitors, and oral mucolytics. Non pharmacological treatment

options include oxygen therapy, pulmonary rehabilitation, smoking cessation and

vaccination against pneumonia and influenza. However, despite this range of

management strategies available, no existing medications for COPD have been shown

conclusively to modify the long-term decline in lung function [30].
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Figure 1.5. NICE Guidelines Algorithm: inhaled therapies in COPD (SABA = short acting beta agonist,

SAMA = short acting muscarinic antagonist, LABA = long acting beta agonist, LAMA = long acting

muscarinic antagonist, ICS = inhaled corticosteroid, FEV = forced expiratory volume. * indicates treatment

may be continued at all stages if required).
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1.2.2. Lung volume reduction strategies
One surgical option for treatment of patients in advanced COPD is lung volume
reduction surgery (LVRS), which aims to reduce hyperinflation by resection of
emphysematous destroyed parts of the lung [31]. LVRS has been shown to prolong
survival in patients with upper lobe predominant emphysema and low functional
capacity in a study carried out by the National Emphysema Treatment Trial Research
Group (NETTR Group) in the USA [32]. However, in this study, the 90 day mortality rate
of 7.9% following LVRS was very high, stimulating the search for other approaches with
comparable physiological benefits but less attendant risk. LVRS has subsequently been
associated with high morbidity, hospitalisation and operative mortality of 5-20%

patients [33,34].

However, the potential benefits of LVRS are apparent in the treatment of COPD, and
over the last decade several endoscopic therapeutic modalities emerged as a
substantial part of advanced COPD management. These endoscopic lung volume
reduction (ELVR) techniques mimic the physiological effects of LVRS. These can be
either blocking or non-blocking methods, which are different in terms of reversibility
and safety, and whose application is dependent on the disease distribution [35].
Endoscopic valve therapy is the only blocking and reversible ELVR technique. One way
valves are placed in the bronchi of the most damaged lobe. By allowing air to escape
from the lobe during expiration but preventing air from entering the blocked lobe
during inspiration, volume reduction is achieved. There are two types of valves
available — the endobronchial valves (EBV, Zephyr, Pulmonx Inc, Switzerland) and the
intrabronchial valve (IBV, Spiration, Olympus, Japan) (Figure 1.6), which are available in
different shapes but which act the same way [35]. After measurement of the airway
diameter, the values are placed using a flexible delivery catheter. Since their first
publication in 2003, many studies have been published evaluating the safety, efficacy
and predictors for a good outcome. In the first randomised controlled trial (RCT) known
as VENT (Endobronchial Valve for Emphysema Palliation Trial) [36]. The FEV1

improvement of the treatment arm was 4.3%, as compared with a decrease of 2.5% in
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the control group resulting in a mean between-group difference of 6.8% (P = 0.005). A

similar result was observed in the 6-min walk test.

A B

Figure 1.6. Zephyr® (A) endobronchial valve (EBV) and Spiration® (B) intrabronchial valve (IBV). Images
reproduced from https.//www.pulmonx.com/ous/products/zephyr-endobronchial-valve/ and

http://www.spiration.com/c26/emphysema/procedure-overview

Endoscopic coil therapy is one of the non-blocking, partially irreversible ELVR
techniques. The implantation of 10 LVR coils (PneumRx Inc, California, USA) in the
target lobe leads to parenchymal compression resulting in target lobar volume
reduction and improved elastic recoil, as determined by the first RCT, known as RESET
[37]. The coil therapy is usually performed bilaterally in two bronchoscopic procedures,
and is delivered using a dedicated system under fluoroscopic guidance. In the RESET
trial, 23 patients received coil treatment, versus 23 patients in a control group. At 6

months, patients in the treatment group experienced significant improvement in the St

37


https://www.pulmonx.com/ous/products/zephyr-endobronchial-valve/
http://www.spiration.com/c26/emphysema/procedure-overview

George Respiratory Questionnaire, lung function parameters (forced expiratory volume

(FEV1), residual volume, and 6 minute walk test), compared with the usual care group.

One final option is polymeric lung volume reduction (PLVR), which is a non-blocking
and irreversible ELVR technique. This involves the delivery of a synthetic polymer to the
emphysematous area. In 2009 results from a phase Il trial of BioLVR (Biologic Lung
Volume Reduction) hydrogel were published [38]. Administration of this fibrin-based
hydrogel to eight sub-segmental sites initiates a localised inflammatory reaction, which
collapses non-functional emphysematous lung to non-surgically produce therapeutic
lung volume reduction. Results of the study found the higher volume of hydrogel (20
mL) to be more effective than low volume (10 mL), as well as showing safety and
efficacy in improving physiology and functional outcomes up to six months after
administration. Clinical trials for this product ended before initiation of phase Ill due to
the emergence of a superior second-generation synthetic polymer based hydrogel
product, known as the AeriSeal System (Aeris Therapeutics, Woburn, MA) [39]. The
hydrogel incorporated into the AeriSeal device is delivered as a liquid foam that blocks
the small airways and coats the surface of the target airway, leading to collapse —
thereby promoting lung volume reduction. The AeriSeal System received CE mark of
approval in 2015 for the treatment of patients with advanced upper lobe predominant
and homogeneous emphysema based upon favourable results from clinical studies
[40,41], and is commercially available in a select number of locations in
Europe. However, one clinical trial reported two patient deaths in the treatment group
[42], though these occurred some time after the procedure. One patient died of a
myocardial infarction at 55 days post treatment, and the second death was as a result
of pneumonia complicated by sepsis. Based on this, and the limited availability of the
treatment to date, it is difficult to discern when such therapies will be fully integrated

into clinical practice.
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1.2.3. Lung transplantation
In the case of failure of all previously mentioned management strategies and without
new drugs being successfully developed, patients in advanced COPD face the inevitable
intervention of surgery and transplantation. Lung transplantation is an effective
treatment for end-stage disease in appropriate candidates, but is limited for a number
of reasons. One major limitation to transplantation is the reliance on acceptable donor
organs, of which there is an on-going shortage. According to the Organ Donation and
Transplant Ireland (ODTI) 2016 Annual Report, a total of 280 transplants were
performed in Ireland that year, of which 35 were lung transplants [43]. Shortage of
donor organs leads to long waiting times, which results in a substantial risk of the
patient dying before transplantation. In 2015, the median waiting time for a lung
transplant was eight months, with nine patients dying prior to transplantation [43].
Although survival is relatively high in the year following transplantation, rates drop to
approximately 50% at 5 years post transplantation, and again to 35% at 10 years post-
transplantation [44]. Aside from this, the many problems associated with lifelong
immunosuppressive therapy [45], and the potential for post-operative bacterial
colonisation and chronic infection at the implantation site [46], can result in life

threatening complications adding to the severity of the clinical case.

1.3.Future approaches to COPD treatment - regenerative medicine

(RM) and tissue engineering (TE)

Regenerative medicine (RM) and tissue engineering (TE) are rapidly evolving fields,
which aim to replace or regenerate human cells, tissues, or organs in order to restore
or establish normal function [47]. The process of regenerating body parts can occur in
vivo or ex vivo and may require cells, natural or artificial scaffolding materials, growth

factors, gene manipulation, or combinations of all the above mentioned elements.
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1.3.1. Cell sources for potential use in respiratory regeneration

3 B o}

The possibility of utilising a regenerative approach in the treatment of chronic lung
disease has been discussed in numerous publications. Airspace destruction distal to the
terminal bronchioles defines the emphysema component of COPD, making restoration
of functional alveoli and alveolar ducts a central goal for regenerative therapies in
COPD. In order to implement a successful regenerative approach, potential treatments
should include progenitor cell populations for ex vivo culture, or the recruitment of
such populations following implantation so that a regenerative response can be

recapitulated and enhanced in vivo.

Up until recently, the possible utility of endogenous lung stem cells for regenerative
purposes had not been identified [48]. As discussed in section 1.1.2, the alveolar space
is covered with alveolar type | and type Il cells, and it is believed that type Il cells are
the progenitors for type | cells, with type Il cell impairment being observed in COPD
[49]. Recently alveolar epithelial progenitor cells (AEPCs) were isolated from adult
human lungs for the first time [50]. In the study, carried out by Fujino et al,
undifferentiated MSC-like cells with expression of surfactant proteins associated with
ATIl cells were isolated from adult human lungs. These cells were found to have the
ability to self-renew and also had the capacity to generate ATII cells in vitro. According
to a microarray analysis performed in the same study, AEPCs share many genes in
common with type Il cells and mesenchymal stem cells (MSCs), which suggests an
overlapping phenotype with both the alveolar epithelium and the mesenchyme in
these cells, prompting the thought that these cells act as lung endogenous stem cells in
lung tissue repair. Mesenchymal properties, such as anti-apoptotic activity and
motility, may allow a functional epithelial progenitor to become involved in alveolar

repair in COPD lungs.
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Other than AEPCs, only two other stem cell populations have been isolated. The first of
these was lung resident MSCs which were isolated from bronchoalveolar lavage (BAL)
fluid collected from lung transplant patients. These cells had the ability to self-renew
and also the capacity to differentiate into a mesodermal lineage [51]. The second
report [52] demonstrated that MSCs isolated from distal lung tissues have the potential
to express aquaporin 5 (AQP5; a marker for ATII cells) under specific culture conditions.
This lack of stem cell isolations from the distal airway, and the fact that the little
progress which has been made has occurred only in the last 10-15 years, indicates that
this is a new field of research, within which there is still a long way to go with regards

to culturing and fully understanding such cell populations.

3 K
The lung is one of the most accessible organs in which to instil exogenous cells because
cells can be delivered through both the airway and circulation. In addition, most of the
intravenously instilled cells are trapped within the pulmonary circulation; therefore,
the efficacy of cell delivery is naturally high [49]. In terms of the choice of exogenous
cell population to be utilised, current research is directed towards autologous adult
stem cells. Mesenchymal Stem Cells (MSCs) are an adult bone marrow-derived stem
cell population. They have a potential therapeutic advantage to other cell populations
as they can be isolated from the patient’s own bone marrow, circumventing issues such
as immunological rejection (a potential concern with allogeneic cells or tissue), and also
the ethical issue of sourcing cells (the supply of human embryos from which to obtain
stem cells) [53]. When MSCs are injected intravenously, they appear to home to areas
of damaged tissue in increased numbers and have been postulated to have a role in
tissue repair in numerous organs including the lungs [54,55]. It is thought that on
migration to the damaged lung, MSCs then exert a paracrine effect, through the

release of a variety of mediators in response to a specific microenvironment that may
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include the down-regulation of pro-inflammatory cytokines such as IL-6 and IL-8, and

the up-regulation of anti-inflammatory cytokines such as IL-10 [56].

The immunomodulatory effects of MSCs in lung diseases have been investigated
extensively in numerous animal models to date. A study carried out by Yuhgetsu et a/
[57] found improved pulmonary function, smaller alveolar airspaces and reduced cell
counts in bronchoalveolar lavage (BAL) fluid, in an elastase-induced emphysema rabbit
model treated with intra-tracheal bone marrow MSCs. Shigemura et al [58,59]
investigated the use of adipose stromal cells (ASCs) seeded onto a polyglycolic acid
(PGA) felt sheet as a sealant material, in the treatment of emphysema in rodent
models. This treatment resulted in significantly accelerated alveolar and vascular
regeneration compared with rats treated with LVRS. The limitation of these studies is
that they are investigating just the emphysematous component of COPD, rather than
the disease as a whole (emphysema, small airway remodelling, pulmonary
hypertension and chronic bronchitis). This is due to the complexity of COPD, the
mechanisms involved in the genesis of COPD being poorly defined, and the fact that it
takes decades to develop. As such, none of the models of COPD reproduce the exact
changes seen in humans, and this renders it difficult to translate findings to human

clinical trials [60].

However, promising findings from studies investigating the effects of MSCs in acute
lung injury (ALI) [61—63] have led to a collaboration with Queen’s University Belfast and
the Northern Ireland Clinical Trials Unit. The trial, “Repair of Acute Respiratory Distress
Syndrome by Stromal Cell Administration (REALIST)”, will be an open-label, dose
escalation Phase 1 trial, followed by a randomised, double-blind, placebo-controlled
Phase 2 trial. It is expected to begin in September 2017, and aims first to determine
what dose of MSCs is safe, and will then use a placebo control to determine whether
treatment with MSCs has any improvement on lung function [64]. A previous multi-
centre, open-label, dose-escalation Phase 1 clinical trial, also investigating the use of

MSCs in Acute Respiratory Distress Syndrome (ARDS) (“Stem cells for ARDS Treatment”
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or “START”) was carried out in the United States between 2013 and 2014 [65]. It
involved a single i.v. infusion of MSCs to 9 patients, with patients divided into three
treatment groups: (i) 1 million cells/kg, (ii) 5 million cells/kg, or (iii) 10 million cells/kg.
The trial found the single intravenous infusion of allogeneic, bone marrow-derived

MSCs was well tolerated in nine patients with moderate to severe ARDS.

Human clinical trials investigating the use of MSCs in COPD have been few in number.
One clinical trial, published by Weiss et al [66], involved 62 patients at six sites across
the US, who were randomised to double-blind i.v. infusions of either allogeneic MSCs
(Prochymal, Osiris Therapeutics Inc. — a product currently licensed in Canada for the
treatment of graft-versus-host disease), or vehicle control. Patients in the treatment
group received four monthly infusions of 100 x 10° cells/infusion, and were followed
for two years after therapy. There were no significant differences in the overall number
of adverse events, frequency of COPD exacerbations, or worsening of disease in
patients treated with MSCs. There were also no significant differences in pulmonary
function tests (PFTs) or quality-of-life indicators; however, an early, significant
decrease in levels of circulating C-reactive protein (CRP; a marker for inflammation)
was observed in patients treated with MSCs who had elevated CRP levels at study
entry. This study has shown MSC therapy to be safe in patients with COPD, and
provides a basis for subsequent cell therapy investigations. Following the completion of
the clinical trial by Weiss et al, administration of MSCs for COPD treatment is being
further tested in seven clinical trials (clinicaltrials.gov: NCT02645305, NCT01849159,
NCT02348060, NCT02412332, NCT02161744, NCT02216630, and NCT01559051 [67]).
These clinical trials were designed to further evaluate efficacy and safety of i.v. infusion
administration of autologous or allogeneic MSCs in the treatment of COPD. It is
hypothesised that MSCs will inhibit chronic inflammation in airway, alveoli and
endothelium, promote tissue repair through releasing growth factors, and improve

patient’s quality of life.
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However, despite the many apparent advantages associated with delivery of stem cells
for therapeutic purposes, there are major hurdles to their successful clinical
translation. Firstly is optimising an appropriate route of administration, which is
currently a choice between intratracheal and intravenous delivery. While both
methods of delivery have been explored in animal studies to date (as discussed in
section 1.3.1.1 and 1.3.1.2), only intravenous delivery has been utilised in human trials.
The larger human airways allow greater access to the lung and therefore the
intratracheal route may be valuable for airway disease. However, the barriers of innate
immunity, including the mucus biofilm in several airways disease, may prevent
adequate re-epithelialization of the damaged airway [68]. Other factors contributing to
a lack of stem cell therapy translation are poor cell survival once delivered in vivo and
poor cell engraftment at the intended site of action. Various factors can be attributed
to this including exposure of cells to inflammatory mediators, leakage of cell
suspension from injection site, and anoikis — death of adherent cells due to lack of
attachment sites. In the lung in particular it has been found that, despite the fact that
following i.v. administration, MSCs travel to the lung in the systemic circulation and
become trapped in the pulmonary vasculature [69], engraftment here is low — typically
less than 1% [70]. This indicates that if these low rates of engraftment are maintained,
cell therapies may be ineffective in replacing damaged tissue to prompt recovery
following significant injury. Coupled to this is the inflammatory environment
characteristic of conditions such as COPD. Inflammation results in oxidative stress and
a harsh milieu for cells within the damaged lung. It is therefore important for the cell
therapies used to be resilient, as an inability to survive these circumstances would
result in death of the treating cells and an ineffective outcome. Therefore, the
potential for cell therapy to develop as a feasible therapeutic option is partly
dependent on new strategies to enable viable cells to remain in damaged tissue and
exert therapeutic benefit for extended periods [71]. Increasing retention at the site of

action, should not only increase the therapeutic effect, but also reduce potential
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systemic effects associated with leakage, and possibly lower the effective cellular dose,

which is beneficial from both a safety and cost perspective.

1.3.2. Signalling factors for potential respiratory regeneration
An alternative strategy to the use of stem cells for regenerative applications is the
delivery of other molecules to stimulate a cellular response in vivo. These can include
growth factors (GFs), which are critical signalling molecules that instruct cells during
development [72]. In the airways, the complex coordination of a range of GFs, for
processes such as proliferation, differentiation and vascularisation of tissue, is required
to restore functionality [73]. While not as extensively studied as in other RM
applications, several GFs and other molecules have been identified that hold the
potential to progress the field of respiratory TE. These include hepatocyte growth
factor (HGF), bone morphogenetic protein-4 (BMP-4), keratinocyte growth factor

(KGF), and all-trans retinoic acid (atRA).

3 B
HGF is a paracrine factor produced by cells of mesenchymal origin (e.g. fibroblasts and
macrophages), while the HGF receptor is expressed by epithelial and endothelial cells
[74]. In adults, the primary function of HGF is tissue repair [75]. The role of HGF in lung
tissue repair has been well established, and has been investigated in a number of
publications [76—78]. HGF has previously shown potential for a role in the treatment of
pulmonary fibrosis in rodent animal models [79,80]. Furthermore, HGF has been shown
to stimulate proliferation of alveolar and airway epithelial cells following left
pneumonectomy in mice, indicating its role as a pulmotrophic factor in post-
pneumonectomy compensatory lung regeneration [81]. Overall, HGF has been
identified as a significant signalling GF at a respiratory cellular level, and is of on-going

interest from a TE perspective.
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BMPs are involved in a wide variety of processes in the body. In the lung BMP-4 in
particular has been identified as playing a role in development and airway healing
following acute injury [82,83]. BMP-4 has been identified as a modulator of lung
branching morphogenesis, and proximal-distal differentiation of ciliated and secretory
epithelial cells [84]. In an in vivo study carried out using rhesus macaques, it was found
that BMP signalling was up-regulated following asthmatic injury — indicating a potential
mechanistic relationship between inflammation and BMP signalling [85]. In terms of
BMP-4 action in the distal airways, it has been found that BMP-4 signalling triggers

differentiation of bronchioalveolar stem cells (BASCs) down an alveolar lineage [86].

3 |
KGF, also known as FGF7, has been investigated widely for its role in lung development,
lung inflammation and lung repair since its discovery in 1989. Research conducted into
both the addition of exogenous KGF and the blocking of KGF or KGF receptor
expression resulted in disruption to normal branching morphogenesis in foetal rat lung
explants [87,88]. In isolated rat foetal lung epithelial cells, alveolar type Il cell
maturation and surfactant synthesis could be attributed to KGF properties as a
mesenchymal mediator [89]. Administration of KGF to foetal rat cells led to increased
synthesis of surfactant components such as surfactant proteins A, B and C [90].
Increased transcription and translation of KGF within fibroblasts occurs in response to
pro-inflammatory cytokines such as IL-1 and IL-6, and this increased expression could

stimulate epithelial repair following injury via a paracrine action [91].
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Retinoids are a family of compounds obtained from the diet, either as their parent
compound retinol (Vitamin A) or as carotenoids which are oxidatively cleaved to
produce retinol, or from hepatic stores [92]. The lung is second only to the liver as the
largest store of retinoids in the body and retinoids are stored as retinyl esters in lipid-
laden fibroblasts that are abundant in the alveolar wall often in close approximation
with type Il pneumocytes [17]. Lipid-laden fibroblasts generate biologically active atRA
that can regulate gene transcription in pulmonary microvascular endothelial cells and
atRA regulates elastin, an essential structural component of lung matrix in perinatal
fibroblasts [93]. Levels of retinoid synthesising enzymes, retinoic acid receptors (RARs),
and retinoid-binding proteins demonstrate dynamic patterns of regulation in whole
lung during alveologenesis in the rat [94] and mouse [95]. In mice mutant for RAR
genes, alveolar formation is disrupted, which has been shown in numerous studies. In
research published by McGowan et al [96] it was found that the absence of the retinoic
acid receptor-gamma (RARy) is associated with a decrease in whole lung elastic tissue
and alveolar number, and an increase in mean cord length of alveoli at postnatal day
28. They also found that additional deletion of one retinoid X receptor (RXR)a allele
resulted in a decrease in alveolar surface area and alveolar number. This data suggests
that RARy is required for the formation of normal alveoli and alveolar elastic fibres in
the mouse and that RAR/RXR heterodimers are involved in alveolar morphogenesis.
Research carried out by Massaro et al [97] investigated the role of RARPB, and
discovered it to be a negative regulator of alveologenesis due to its inhibition of
alveolar septation. The same authors investigated the effects of atRA supplementation
during alveolar septation in a separate study, and found that it results in an increase in
the number of alveoli but not total surface area in normal rats. They also found that
atRA prevents the reduction in both number of alveoli and low surface area corrected
for body mass in rats treated with dexamethasone during septation [98]. This data

provided the first experimental evidence to suggest that pharmacological regenerative
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therapy might be a potential approach for human diseases characterised by too few

alveoli and reduced surface area such as COPD [99].

atRA is often used as a media supplement, added to primary airway epithelial cell
cultures [100]. atRA has shown potential for reversal of COPD and emphysema induced
alveolar injury in animal and human trials alike [101,102]. The effect of atRA on animal
subjects was studied in [103] and [104]. In the first of these studies, an elastase
induced mouse model of emphysema was treated with atRA, and it was found that
treatment promoted lung regeneration and increased bone marrow derived cells in the
alveoli (cells which may be a source of progenitors for regeneration). The second study
examined the effect on atRA on a dexamethasone treated mouse, which causes
reduced lung surface area. Treatment with atRA induced alveolar repair, and increased
lung surface area to volume ratio. These responses were only seen in atRA treated
mice, and not in those treated with 9-cis-RA, 13-cis-RA and retinol (two metabolites of

atRA and the parent compound).

In human trials, a randomised, double-blind, placebo controlled pilot study to assess
the feasibility of atRA in emphysema in a clinical setting, used i.v. atRA at doses of 50
mg/m?/day for 3 months, or 3 months of placebo, followed by a 3 month cross-over
phase [19]. This study found that treatment with atRA was well tolerated with minimal
side effects, but that physiologic and CT measurements did not change significantly
over the duration of the study. It suggested that higher doses, or alternative dosage
regimes be assessed in future trials. A second human trial also looked at the feasibility
of atRA in emphysema and moderate to severe COPD [101]. In this study, participants
received atRA at either a low dose (1 mg/kg/d) or high dose (2 mg/kg/d), 13-cis retinoic
acid (13-cRA) (1 mg/kg/d), or placebo. This investigation found no treatment was
associated with an overall improvement in pulmonary function, CT density mask score,
or health-related quality of life (QOL) at the end of the 6 month study period. However,
time-dependent changes in DLCO (initial decrease with delayed recovery) and St.

George Respiratory Questionnaire (delayed improvement) were observed in the high
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dose atRA cohort and correlated with plasma drug levels. In addition, 5 of 25
participants in the HD-atRA group had delayed improvements in their CT scores that
also related to atRA levels. Retinoid-related side effects were common but generally
mild. The conclusion to these findings was that there was sufficient evidence to

warrant further investigation.

In the research presented in this thesis, we aim to harness alternative atRA properties,
as opposed to its effects on the lung at a developmental stage. atRA has also been
investigated with respect to its immunomodulatory and anti-inflammatory effects in
various publications to date, though often in relation to other inflammatory conditions
than those present in the lung, such as arthritis [105], acne [106] and psoriasis [107]. In
arthritis for example, Nozaki et al, investigated the effects of atRA in improving the
destruction of joints and the effect of cytokines in collagen induced disease in mice. In
terms of pro-inflammatory cytokines, IL-6, IL-12 and TNF-a were found to be
significantly reduced in the mice treated with atRA compared with control, indicating a
potential immunomodulatory effect. A further study carried out by Ling-Jun Ho et al
[108] investigating atRA in osteoarthritis found that atRA could reduce IL-1 induced
TNF-a production in chondrocytes, again indicating an anti-inflammatory effect. In
psoriasis, Balato et al [107] found that levels of pro-inflammatory IL-1 cytokines could
be suppressed by atRA, which was supported by research carried out in other
publications [109]. In terms of acne usage, atRA is licensed as a medicinal product in
Ireland in topical form as Treclin 1/0.025% w/w gel (in combination with clindamycin
phosphate) [110] with its anti-inflammatory activity being cited as part of the products
pharmacodynamic properties. This body of previous research highlighting the
immunomodulatory and anti-inflammatory activity of atRA prompted our hypothesis
that this could be translated to other inflammatory conditions and specifically COPD,
targeting the inflammatory pathogenic component of the disease with potential

additional regenerative benefits in the clinical setting.
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atRA is hydrophobic in nature, with a poor water solubility of <0.1 g/100 mL (practically
insoluble), though it is soluble in DMSO and slightly soluble in ethanol. It is labile to
heat (melting point = 179°C [111]), light and oxygen-mediated degradation [112],
presenting a challenge for use in a primarily hydrophilic biological environment. In
order to overcome the hydrophobic nature of atRA, we aimed to encapsulate it in solid
lipid nanoparticles (SLNs). SLNs are sub-micron sized particles made from
biocompatible lipids that are solid at room and body temperature. SLNs are then
coated with a layer of emulsifier molecules to facilitate their formation and enhance
their long-term stability [113]. The formulation of atRA into SLNs will be discussed in
detail in Chapter 4 of this thesis.

1.3.3. Investigated strategies for respiratory tissue engineering and

regeneration

3 fn i B

Although there has not been a great deal of recent progress in the engineering of distal
lung tissue for clinical applications there has been some progress in critical areas that
impact the field of lung TE as a whole. TE in general aims to regenerate tissue lost due
to disease or injury (instead of replacing it), by developing biological substitutes that
restore, maintain or improve tissue function [114]. The manufacture of successful
tissue engineered constructs utilises three main components: the biomaterial scaffold,
the presence of signalling molecules such as growth factors (GFs) and the presence of
cells that can grow on or within the construct, and eventually recreate the lost tissue

[115] (as illustrated in Figure 1.7).
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Figure 1.7. Strategies in TE [116]: (1) Cells are harvested and, (2) expanded in culture, (3) combined with
biological cues such as growth factors and a biomaterial scaffold, (4) cultured in vitro and (5) implanted

at a defect site.

3 B
Porous polymeric scaffolds were utilised in the first reports of respiratory TE [117,118].
These studies involved the use of gelatin sponges on which foetal rat lung cells were
cultured, resulting in the formation of alveolar-like structures. The alveolar-like
structures were found to be composed of cells that had morphological characteristics

like those of the ATII cells in intact lungs. The formation and long term maintenance of
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these structures provided a unique in vitro model and were used to study surfactant
production. Since then, further research of foetal lung cell culture on other materials
including the purified gelatin product Gelfoam®, has been carried out. Gelfoam® is a
compressed sponge of porcine skin gelatin, which was originally developed as a
haemostatic device, but has now been explored as another natural, degradable
material that supports cell proliferation [119]. This study [120], conducted by Andrade
et al found that following injection of the Gelfoam®/foetal rat lung cell composite into
lung parenchyma, the sponge showed porous structures similar to alveolar units and
underwent vascularisation in situ. It did not induce severe local inflammatory response,
and foetal lung cells in the sponge were able to survive in the adult lung for at least 35
days. Cells formed “alveolar-like structures” at the border between the sponge and the
surrounding lung tissue, and the sponge was able to degrade after several months. This
study suggests that cell-based tissue engineering possesses the potential to regenerate
alveolar-like structures, an important step towards the ultimate goal of lung

regeneration.

A polyglycolic acid (PGA) mesh and a Pluronic F127 (PF127) gel [121] has shown
promise for alveolar modelling and regeneration applications. In this study, conducted
by Cortiella et al, a population of adult-derived or somatic lung progenitor cells (SLPC)
were isolated from adult mammalian lung tissue, and cultured on either the PGA mesh
or the PF127 gel. When cells were combined with the synthetic scaffolds and
maintained in vitro or implanted in vivo, they expressed lung-specific markers for Clara
cells, pneumocytes, and respiratory epithelium and organized into identifiable
pulmonary structures (including those similar to alveoli and terminal bronchi), with
evidence of smooth muscle development. Although PGA has been shown to be an
excellent polymer for culture of specific cell types in vitro, in vivo culture in an
immunocompetent host induced a foreign body response that altered the integrity of
the developing lung tissue. Use of PF127/cell constructs resulted in the development of

tissue with less inflammatory reaction. This data suggest that the therapeutic use of
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engineered tissues requires both the use of specific cell phenotypes, as well as the

careful selection of synthetic polymers, to facilitate the assembly of functional tissue.

2 B
In the case of TE of the airways, creation of a bioartificial lung requires engineering of
viable lung architecture enabling ventilation, perfusion and gaseous exchange. This is
something which has been explored as far back as the 1970s [117], though proved
largely unsuccessful. A recent significant development in the field has been the use of
an acellular cadaveric trachea seeded with mesenchymal stem cells (MSCs) to engineer
the upper respiratory tract as a therapeutic strategy. In a landmark case in 2008, a 30
year old patient with chronic tracheitis and secondary bronchomalacia was treated
with a tissue engineered tracheal segment from decellularised donor tissue which was
re-seeded with autologous chondrogenic MSCs and bronchial epithelial cells to become
the first recipient of a tissue engineered airway graft [122]. However, since this study,
the use of tissue engineered airways grafts have been cast in doubt, due to an overall
high patient mortality rate and investigations into potential misconduct and negligence
[123,124]. Despite these advances and set-backs, there has been little progress in the

engineering of distal lung tissue for clinical applications.

One animal study however, created a bioartificial lung via decellularisation of tissue,
which was then re-seeded with epithelial and endothelial cells. This construct was
subsequently perfused and ventilated using a bioreactor simulating physiological
conditions, and the regenerated organs were transplanted into rats for confirmation of

in vivo activity, showing promising results [125].
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1.4.Summary

To summarise, the literature review presented in this chapter has outlined the current
clinical landscape for COPD disease management and future directions, and specifically
the role that RM and TE can play in overcoming the current shortcomings in treatment.
The use of therapeutic agents such as stem cells and growth factors have huge
potential in the management of this disease, but their direct, loco-regional delivery to
the distal airways has not been fully explored or characterised to date. This leaves a

void in the research which | aim to address throughout the course of the thesis.
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1.5.Thesis Objectives

While effective in reducing the severity of symptoms, current strategies utilised in the
management of COPD do not treat or address the underlying disease state or the
progressive damage being caused. It is our view that the real potential in this field is
building on these approaches, but also incorporating pro-regenerative strategies
including both stem cell and small molecule delivery. The clinical potential for this
approach represents a new and exciting field in the area of interventional
pulmonology. However in order to achieve successful clinical translation of real benefit,
it is essential that suitable vectors are available to ensure loco-regional delivery,

enabling regenerative therapeutic effects directly to the damaged tissue.

The overall objective of research presented in this PhD thesis is to develop novel
delivery systems suitable for minimally invasive drug and cell delivery that could have
potential applications in the treatment of COPD. Our central hypothesis was that
hydrogels and solid lipid nanoparticles can be used as drug and cell delivery vectors,
which are then capable of exerting an anti-inflammatory effect on the local
environment present in COPD. Human Mesenchymal Stem Cells (hMSCs) were utilised
to exert an anti-inflammatory effect via paracrine actions, and all trans-Retinoic Acid
(atRA) was utilised as an anti-inflammatory signalling molecule. Strategies such as
these may provide alternatives to those currently utilised which have suboptimal
effects and also enable loco-regional delivery of therapeutics, which could significantly
enhance clinical outcomes. In order to test this hypothesis, the following specific

objectives were pursued:

1. Investigation of the potential of the natural polymer, methylcellulose, in
forming a temperature responsive hydrogel, which has the capability to support
encapsulated hMSC viability and proliferation and is also able to be delivered in

a minimally invasive manner (Chapter 2);
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2. Investigate the potential of novel star shaped polymers in forming hydrogels
which provide an alternative to natural polymer based systems for stem cell
delivery (Chapter 3);

3. The formulation and development of solid lipid nanoparticles for the delivery of
atRA for applications in distal airway regeneration (Chapter 4);

4. The development of an in vitro model for assessing the anti-inflammatory
efficacy of both the hMSC/hydrogel combination therapy, and the atRA/SLN

formulation, as an initial indicator of therapeutic effect (Chapter 5).
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2. Chapter 2; Formulation and physicochemical
characterisation of a thermoresponsive methylcellulose,
collagen and beta-glycerophosphate hydrogel

The work presented in this chapter has been partially published as Payne et al.,, A
methylcellulose and collagen based temperature responsive hydrogel promotes

encapsulated stem cell viability and proliferation in vitro. Drug Deliv. and Transl. Res.

2017; 7(1): 132-146.
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2.1.Introduction

RM is a rapidly evolving field, having the potential to overcome the shortcomings and
complications associated with current treatment of chronic diseases, by replacing or
regenerating human tissues through the use of cells, scaffolding materials, growth

factors and other agents to achieve its intended outcomes [47].

Cell therapies using various stem cells have been extensively evaluated. MSCs have a
possible therapeutic advantage over other cell populations as they can be isolated from
the patient’s own bone marrow, circumventing issues such as immunological rejection,
and also the ethical issue of sourcing cells [53]. When MSCs are injected intravenously,
they appear to home to areas of damaged tissue and have been postulated to have a
role in tissue repair in numerous organs [54,55,126]. It is thought that MSCs then exert
a paracrine effect through the release of a variety of mediators in response to a specific
microenvironment, which may include the down-regulation of pro-inflammatory

cytokines and the up-regulation of anti-inflammatory cytokines [127].

Despite the many apparent advantages associated with delivery of stem cells for
therapeutic purposes, there are major hurdles to their successful clinical translation,
which have been discussed in detail in Chapter 1 (section 1.3.1.2) of this thesis.
Retaining cells at the site of delivery is a key issue, and one promising approach to
enhancing retention and survival is the use of biomaterial scaffolds. A biomaterial
scaffold can act as a surrogate extracellular matrix for encapsulated cells, to enhance
cellular viability and enable physical retention at the site of action. Cell-loaded
biomaterials address the issue of mechanical dispersal of cells from the injection site,
and several studies have shown that biomaterial delivery vehicles can also enhance
cellular retention [128-130]. However, accessibility in a minimally invasive manner is a
particular challenge in delivering a biomaterial scaffold in vivo. Therefore, of particular

interest are biomaterials that are injectable and can be easily delivered using current
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medical device technology such as syringes and catheters. Hydrogels are one such

biomaterial.

Hydrogels are three-dimensional, cross-linked networks which can be made from
virtually any water-soluble polymer, encompassing a wide range of chemical
compositions and bulk physical properties [131]. A polymer solution can be prepared
and allowed to gel in situ after photopolymerisation, chemical crosslinking, ionic
crosslinking or in response to an environmental stimulus such as temperature, pH or
ionic strength of the surrounding medium (“smart hydrogels) [132]. The focus of this
research is based around those that respond to a change in temperature. Temperature
responsive hydrogels offer a specific advantage as the body maintains a constant
temperature at 37.2°C which provides a boundary parameter for gelation to occur in,
without the requirement for any other chemical or environmental agent, making their
use more straightforward in a clinical environment. Thermoresponsive hydrogels have
already been utilised for a wide range of applications in the biomedical field due to
their tendency to maintain a liquid state at room temperature, thereby enabling
administration via syringe into any tissue, organ or body cavity, with the subsequent
ability to rapidly form a robust gel bolus upon heating to physiological temperature
[133-138]. Formation of a gel bolus in vivo provides the potential to sustain the release
of drugs or other therapeutic agents over time, and to allow enhanced retention and
viability of cells through the provision of a 3-D architecture to support cell-matrix
interactions. Due to site specific delivery and sustained release, use of such hydrogels
leads to a reduction in the number of administrations, preventing damage to the
molecule or cell and allowing for reduced doses compared to intravenous (i.v.)

infusions of cells alone [139].

In the early 1960s, Wichterle and Lim were the first to report on hydrogels as we know
them today, i.e. as water-swollen cross linked macromolecular networks, in their
landmark paper about poly(2-hydroxyethyl methacrylate) (pHEMA) gels for use as soft

contact lenses [140]. In the two decades following this discovery, hydrogel research
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remained essentially focused on relatively simple, chemically cross-linked networks of
synthetic polymers with applications mainly in ophthalmic and drug delivery research.
In the beginning of the 1970s however, the hydrogel research focus shifted from
relatively simple, water-swollen macromolecular networks to hydrogels capable of

responding to a change in environmental conditions [141].

Various groups of polymers have been studied for their thermoresponsive gelling
properties. Aqueous solutions of selected poly(ethylene oxide)—poly(propylene oxide)—
poly(ethylene oxide) (PEO—PPO-PEOQ) tri-block copolymers, commercially known as
Pluronics® or poloxamers, form thermoreversible gels. Pluronic® hydrogels for the
controlled release of pharmaceutical agents appeared in the 1970s. Early studies
evaluated Pluronic® F127 (Poloxamer 407) thermosensitive solutions for the treatment
of burns [142] and for the controlled release of antimicrobials [143], among others.
More recently, the release of ophthalmic drugs [144,145], antifungals [146] and
hormones [147] from Pluronic® based hydrogels has been studied as well. Significant
drawbacks associated with these hydrogels include their weak mechanical properties,
rapid erosion and intrinsic instability, which originate from the weak hydrophobic
interactions between the PPO blocks [148]. Moreover, these block copolymers are not
biodegradable, which prevents the use of high molecular weight materials since they

cannot pass the kidney membranes.
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Table 2.1. A selection of thermoresponsive hydrogels which have undergone clinical studies.

Product Name Thermoresponsive | Application Manufacturer

Polymer

Smart Hyd

LeGoo™ Aqueous solution of | Used Pluromed
20% fractionated intravascularly,
Poloxamer 407 results in occlusive

plug, preventing

blood flow

BST-Car Gel ™

OncoGel ™ |Re Gel ™ -PE@ | Controlled release | Protherics Salt

depot formulation | Lake City Inc.

of paclitaxel

InGel ™

Thermogelling chitosan/glycerophosphate (CS/BGP) solutions have also been reported
as a type of parenteral in-situ forming depot system. Chitosan is a natural linear

polysaccharide, produced by the partial deacetylation of chitin, which can be found in
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the outer skeleton of shrimp and insects, among others [149]. It is a biocompatible, pH-
dependent cationic polymer, which is soluble in acidic aqueous solutions up to pH 6.2.
An increase in pH to > 6.2 leads to the formation of a hydrated gel precipitate [150].
This means chitosan alone cannot remain a solution at physiological pH of ~7.0 — 7.4.
The addition of the polyol salt, B-glycerophosphate (BGP), to chitosan dispersions
however, results in a solution of neutral pH which remains liquid at or below room
temperature, and forms monolithic gels at body temperature. Since CS/BGP gels were
first reported on in 2000, they have been investigated for a range of drug delivery
[151-156] and TE purposes. In terms of TE and RM, CS/BGP solutions have been
combined with human mesenchymal stem cells (hMSCs) and desferrioxamine (DFO) as
a potential multi-modal pro-angiogenic for the treatment of critical limb ischaemic (CLI)
[134]. CS/BGP has also been formulated into a now licensed product “BST-CarGel™”
which, when combined with autologous whole blood and injected into microfracture

bone defects, leads to significantly improved cartilage repair [137].

Methylcellulose (MC) is a water soluble cellulose polysaccharide derivative, which is
also biodegradable. Pure MC solutions are able to form thermoreversible gels on their
own. At low temperatures, water molecules are thought to interact with MC
hydrophobic methoxyl groups via hydrogen bonding, leading to the formation of a
“cage-like” structure, which surrounds the methoxyl groups shielding them from the
hydrophilic environment, thereby causing MC to become water-soluble. Heating of
such solutions causes destruction of the hydrogen bonds and cage structure, exposing
the hydrophobic regions of MC. This leads to the formation of intra- and inter-
molecular chain hydrophobic associations, which ultimately results in gelation through
the production of a hydrophobically cross-linked network [157]. For pure MC
dispersions, gelation temperature is ~50-70°C, and therefore MC alone cannot be used
as an injectable product for gelation in vivo. As with chitosan, the addition of salts
appears to alter the sol-gel transition temperature of the polymer. The combination of
MC and a salt to give a thermogelling system, has been investigated for potential

treatment of traumatic brain injury (TBI) [158] and spinal cord injuries [159]. In terms
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of treatment of TBI, methylcellulose was combined with either phosphate buffered
saline (PBS) or deionised water (dH;0) to form hydrogels which act as a scaffold for
cells, increasing adhesion and reducing the expected mechanical washout of cells from
the area. This preliminary study found that it was possible to inject MC in a minimally
invasive manner into the contused fronto-parietal cortex of adult rats. The formulation
was found to be biocompatible, non-toxic, supportive of cell viability, and did not
exacerbate the injury at time points assessed [158]. In terms of spinal cord injuries, MC
was blended with hyaluronic acid (HA) to form “HAMC” — a shear-thinning gel, which
allows for easy administration via intrathecal injection. The gel is formed at room
temperature prior to injection and thins on the application of shear when pushed
through a syringe, with a subsequent re-coil back to gel state when in situ. It was found
that in addition to being fast gelling, HAMC is non-cell adhesive, biodegradable, and
biocompatible in the intrathecal space. From the gel bolus, growth factors or drugs can
be released over a sustained period of time, allowing prolongation of their therapeutic

effect [159].

The relatively simple manipulation of the gelation properties of MC indicates its
promise as a readily available thermoresponsive material, coupled with the fact that
cellulose is the most abundant polysaccharide on earth. MC is widely used as a
viscosity enhancing agent in the food and paint industries, and is recognised as an
approved food additive by the U.S. Food and Drug Administration, indicating safety in
humans. MC has also been previously investigated for drug delivery and regenerative
applications [160,161] showing promise which has not yet resulted in clinical
translation. As such, further investigation to aid and progress the use of MC is
warranted. In this study, we have selected MC as a polymer with potential applicability
in stem cell delivery, and BGP was selected as an appropriate catalyst for sol-gel

transition at physiological pH and temperature.

In addition to MC and BGP, type | collagen has been incorporated into our formulation.

Collagen is a bioactive, biocompatible, and naturally abundant protein, which has
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demonstrated efficacy in regenerative therapeutic functions, both alone and as a co-
polymer. Collagen gels are well documented as they support cell proliferation and
adhesion [162,163]. However, despite this, collagen only gels are also associated with a
lack of physical strength, potential immunogenicity issues, poor reproducibility and
high costs of production [115]. Therefore, the desired outcome of this chapter was the
formulation of a hydrogel that overcomes some of these issues by harnessing the
advantageous properties of both MC and collagen, forming a thermoresponsive,

biocompatible and bioactive delivery system for use as a drug or cell delivery vector.
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Objectives

The overall objective of this Chapter was to investigate the potential of a
methylcellulose, collagen and beta-glycerophosphate hydrogel to function as an

injectable delivery platform for hMSCs.

9 The first objective of this Chapter was to formulate a MC, collagen and beta-
glycerophosphate hydrogel that exhibited a thermoresponse within the
physiological temperature range.

9 The second objective was to determine if the hydrogel was capable of
supporting hMSC viability and proliferation.

9 The third objective of this Chapter was to investigate the injectability of the
hydrogel formulation, in order to ascertain whether it would be deliverable in a
clinical setting.

9 The final objective was to determine whether gamma irradiation of the
hydrogel formulation adversely affects its thermoresponsivity and ability to

support hMSC viability and proliferation.
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2.2.Materials and Methods

2.2.1. Materials
For hydrogel preparation, MC high viscosity (~88 kD MW, p = 400 cP) and BGP were
obtained from Sigma-Aldrich (lreland) as were all chemicals and reagents used (i.e.
glacial acetic acid, hydrochloric acid, and methylene blue). Bovine type | fibrillar

collagen was obtained from Collagen Solutions SLB (Glasgow, UK).

2.2.2. Preparation of methylcellulose stock solution
Stock preparations of 4% w/v MC high viscosity (Sigma-Aldrich) were prepared via
dispersion of MC powder gradually into heated deionised water under gentle stirring
and allowed to cool. Upon reaching approximately room temperature the solution was
homogenised with an Ultra Turrax Y25 Basic Homogeniser (IKA Works Inc., USA) at

6,500 RPM for 10 min. The solution was stored at 4°C overnight.

2.2.3. Formulation of methylcellulose/collagen composite
For hydrogels containing collagen, a slurry was prepared by adding bovine tendon
collagen to 0.05 M glacial acetic acid and blending at 15,000 RPM for 90 min using an
overhead blender (Ultra Turrax T18 Overhead Blender, IKA Works Inc.,, USA) at a
constant temperature of 4°C. Initial formulations used collagen slurries of 0.5% w/v,
with later investigated slurries of 1% w/v being used. Degradation of the protein by
heat was prevented by using a mixing vessel cooled to 4°C. To prepare the composite a
known volume of stock 4% w/v MC (section 2.2.2) was removed from cold storage and
placed onto a magnetic stirrer. Collagen was slowly added to this MC stock in a drop-
wise fashion to prevent aggregation of protein. The MC/collagen mix was then brought
to the final volume with deionised water. The resultant formulation was homogenised

at 6,500 RPM in an ice bath for 10 min, and allowed to equilibrate at 4°C overnight.

66



Gas was removed via centrifugation at 3,500 G and 4°C for 5 min, before transferring
the mixture into a stainless steel grade 304 SS pan and freeze-drying (Advantage
Genesis 25EL, VirTis Co., Gardiner NY) to a final temperature -40 °C using a previously
optimised freeze-drying profile [164]. Lyophilised wafers were rehydrated in the
desired salt solution, as described in Table 2.2. Following this, pH of the formulation
was adjusted using 0.1 M HCI, to within a physiologically compatible range (6.8 — 7.0).
Hereafter, investigated gels will be referred to as labelled in Table 2.2 i.e. gels 1 —10. A
schematic detailing the stepwise process of formulation and reconstituting gels for

injection is shown in Figure 2.1.

In studies requiring sterile gel, lyophilised wafers were subjected to gamma irradiation
(Section 2.2.11). After irradiation lyophilised wafers were rehydrated in sterile BGP

5.6% w/v solution under aseptic conditions (Section 2.2.11).
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Table 2.2. MC formulations assessed for thermoresponsivity. MC = methylcellulose, BGP = beta

glycerophosphate, PBS = phosphate buffered saline, NaCl = sodium chloride, Na3POs = trisodium

phosphate.
MC (% Collagen BGP (% Other salt Gelation
w/v) (% w/v) w/v) — specified Temperature
(% w/v) (°C)
1 2.0 - - Krebs 6.75 N/A
Buffer
2 2.0 - - PBS 6.75 N/A
3 2.0 - - NaCl 1.0 + 6.5 50
N63PO4 1.0
4 2.0 - 2.75 - 6.5 47
5 2.0 - 4.0 - 6.6 44
6 2.0 - 5.6 - 6.8-7.0 38
7 2.0 0.1 5.6 - 6.8-7.0 36
8 2.5 - 5.6 - 6.8-7.0 39
9 25 0.1 5.6 - 6.8-7.0 37
“Respiragel”
10 2.5 0.3 5.6 - 6.8-7.0 39

Figure 2.1. Schematic detailing the gel formulation and reconstitution process as described in Section

2.2.2and 2.2.3.
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2.2.4. Rheological testing
The rheological properties of MC formulations listed in Table 2.2 were assessed using
an AR-1000 cone and plate rheometer (TA Instruments, USA) under two modes,
oscillatory and flow. The thermoresponsivity was assessed using an oscillatory
temperature sweep with storage modulus (G’) being used as an indicator of internal gel
structure. The criterion of gelation was defined at the point at which the storage
modulus (G’) exceeded that of the loss modulus (G”). In the case of the selected lead
formulation (i.e. gel 9, “Respiragel”: 2.5% methylcellulose, 0.1% collagen, 5.6% beta
glycerophosphate), the polymer solution (at 25°C) was also tested under a flow
procedure, to measure the viscosity as a function of shear stress. Assessments at a
constant temperature over time employed a solvent trap to prevent dehydration of the

sample. Parameters for each rheological test are shown in Table 2.3.

Physical gelation was also observed visually via an inverted tube test. Solutions (5 mL
samples) were held at 37°C in a thermostatically controlled water bath, and observed

at increasing time points.
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Table 2.3. Rheological characterisation parameters for testing of MC formulations.

Rheological Test Temperature Frequency Shear Stress
Type
Oscillatory 25-45°C @ 1Hz 5 Pa N/a
temperature Sweep 1°C/min
increments
Oscillatory Time 37°C 1Hz 5 Pa 30 min
Sweep
Flow Steady State 25°C 1 Hz 1-80Pa N/a

2.2.5. Gel diffusion and disintegration studies
Respiragel was selected for further evaluation in terms of robustness, due to its
appropriate temperature response profile. Robustness of the gel structure was
assessed by evaluating disintegration of the gel (5 mL) over time in the presence of 2
mL phosphate buffered saline (PBS) pH 7.2, when placed in a shaking water bath at
37°C and 75 RPM. At each time point the PBS was removed and gel degradation

determined by weighing the tube and determining mass loss of gel.

The ability of compounds to diffuse through the formed gel over time was determined
by adding 1 mL of a 0.01% w/v methylene blue solution (molecular weight (MW) =
319.85 g/mol) to 5 mL gel in a falcon tube, which had previously been allowed to
equilibrate at 37°C in a thermostatically controlled water bath and shaking at 75 RPM.
A visual inspection, to determine dye penetration through the gel was performed every

hour up to 4 hours, and also at 24 hours.

2.2.6. Scanning Electron Microscopy (SEM) of lyophilised Respiragel
Lyophilised Respiragel samples were examined using scanning electron microscopy

(SEM) in order to evaluate their architecture and internal pore size. Following
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lyophilisation, samples were mounted to an aluminium stub using a carbon paste and
sputter coated with gold. Imaging of the wafers and hydrogels was performed using a
Zeiss Supra 35VP SEM microscope (Zeiss, Jena, Germany). Both irradiated (section
2.2.11) and non-irradiated samples were visualised, in order to determine if the

irradiation process had an effect on hydrogel morphology.

2.2.7. hMSC culture
lliac crest bone marrow aspirates were obtained from Lonza Ltd (Basel, Switzerland).
Lonza use a commercial Institutional Review Board (IRB), E&I Review Services, that
approves the bone marrow program (study number 00074) annually. hMSCs were
isolated and cultured from this bone marrow in RCSI, using standard protocols and
stringent analysis of cell phenotype (tri-lineage differentiation and a full panel of cell
surface markers) as published in Duffy et al [165]. hMSCs were cultured in T175 tissue
culture flasks (Sarstedt, Ireland) in low glucose Dulbecco's Modified Eagle Medium
(DMEM), supplemented with 10% foetal bovine serum (FBS) and 1%
penicillin/streptomycin (Labtech, UK) at 37°C and in a 5% carbon dioxide environment.
The media was replaced every three days and the cells were passaged upon reaching

80 —90% confluency at a ratio of 1:3.

2.2.8. Rheological assessment of cell loading concentration on Respiragel
In order to determine a cell-in-gel loading concentration that maintains a robust gel
structure and thermoresponse, samples containing increasing concentrations of MSCs
in hydrogel were prepared. MSCs were cultured as described in section 2.2.7. Cells
were removed from the suspension via centrifugation, and on removal of the
supernatant, the pellets were re-suspended in the polymer solutions at a series of
concentrations via gentle pipetting at room temperature. Cell-in-gel

formulation/concentration combinations investigated were:
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(a) Gel 7 at cell loading concentrations of 300,000 cells/ mL, 600,000 cells/ mL and
900,000 cells/ mL; and

(b) Respiragel at cell loading concentrations of 100,000 cells/ mL, and 300,000 cells/ mL

Following loading of cells into hydrogel samples, thermoresponsivity and magnitude of
G’ was re-confirmed by oscillatory temperature sweep (tests as described in section

2.2.4).

2.2.9. Evaluation of encapsulated hMSC viability and proliferation
Following determination of optimal cell-in-gel loading concentration, hMSCs were
suspended in Respiragel at a density of 5 x 10° cells/ mL. This was aspirated into a 3 mL
syringe and 500 pL volumes were expelled through a 21 G needle to form droplets in
Costar Transwell Inserts (Fisher Scientific, Ireland) with an 8 um pore size and diameter
of 6.5 mm, for insertion into 24 well plates. Gel 8 (containing no collagen),
encapsulating the same cell concentration, was used as a control. These were allowed
to gel at 37°C for 15 min before addition of 2 mL normal hMSC growth media per well.

Media was replaced every two days.

Cells were cultured in gel for 7 days and the droplets were stained with a LIVE/DEAD
stain (Molecular Probes, Invitrogen, Ireland) according to the manufacturer's protocol
at 24 hours, day 3 and day 7, to assess cell viability over time. The droplets were
visualised by fluorescence microscopy using a Leica DMIL microscope (Leica
Microsystems, Switzerland). Live cells were stained green with green-fluorescent
calcein-AM and dead cells were stained red with red-fluorescent ethidium homodimer-

1.

In addition to LIVE/DEAD staining, samples were assessed using the Quant-iT PicoGreen
dsDNA assay (Invitrogen, ThermoFisher Scientific, Ireland). Following removal of media,
gel was removed from the inserts and homogenised following the addition of 1 mL 0.2

M NaHCOs, 1% Triton-X lysis buffer. Lysates were stored at -80°C and underwent three
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freeze—thaw cycles prior to analysis. Double-stranded DNA (dsDNA) levels within the

gel lysates were measured according to the manufacturer's protocol.

All cell-in-gel assays (i.e. LIVE/DEAD and Quant-iT PicoGreen) studies were carried out
in triplicate (i.e. n=3 and three independent experiments). Conditions were kept
constant across replicate experiments, though different batches of hMSCs were used in
each distinct repeat, in order to remove potential bias associated with one particular

cell donor.

2.2.10. Assessment of polymer solution injectability at room temperature
Uniaxial compression tests were conducted to determine the force required to expel
the room temperature form of Respiragel (i.e. a polymer solution) from a 3 mL syringe.
All testing was carried out using a Zwick mechanical testing machine (Z050,
Zwick/Roell, Germany), fitted with a 5 kN load cell. The plunger of the syringe was
attached to the load cell using a custom-built adapter. This adapter was used to apply a
constant feed-rate, corresponding to 8 seconds per 1 mL injection, to the plunger of

the syringe.

Polymer solution samples were loaded into a 3 mL luer-lok syringe (BD, Dublin, Ireland)
before compression testing. Initially, determination of the maximum force required to
expel the solution through this space was performed. This was repeated following
attachment of a 21 G needle (BD, Dublin, Ireland) to the syringe, and finally a custom-
made catheter of internal diameter (ID) 0.514 mm attached to the syringe. A pre-load
(preliminary force) of 1 N was applied for all tests and the end of test was determined
to be the maximum extension (17 mm); the distance equivalent to 1 mL of solution

(measured using Vernier’s callipers). The force profile per injection was recorded.
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2.2.11. Assessment of gel bolus formation in & rat lung tissue
In order to determine whether a gel bolus would be formed in vivo following delivery
via syringing, ex vivo rat lung tissue was obtained from Biomedical Research Facility
(BRF) in RCSI (following ethical approval obtained from the Animal Research Ethics
Committee, RCSI #REC1236bb), for gel injections. A fluorescent dye, indocyanine green
(ICG; MW = 774.96 g/mol) was added to Respiragel at a concentration of 0.025% w/v.
100 pL of ICG-Respiragel was then injected directly into the lung tissue using a 1 mL
syringe + 30 G needle. The lungs were then fluorescently imaged using a Xenogen IVIS
imaging system 100 (Perkin ElImer, UK) with the following settings: fluorescent imaging,
excitation filter 745 nm, emission filter 840 nm, binning of 8, field of view 12.4 and f
stop 2. This process was repeated for 100 pL 0.025% ICG in saline as a control. Images

were analysed using Living Image Software, v 4.5.4.

2.2.12. Assessment of effect of gamma irradiation on thermoresponsivity
Following the lyophilisation step detailed in section 2.2.3, Respiragel polymer wafers
were sterilised (Synergy Health PLC, Westport, Ireland) using the standard gamma
irradiation method specified in the European Pharmacopeia [166]. The reference
absorbed dose of radiation was 25 kGy. Following gamma irradiation, lyophilised
wafers were rehydrated in BGP solution filtered through a 0.22 um filter under aseptic
conditions to maintain sterility. Rheological analysis was repeated as described in
section 2.2.4 in order to determine whether the sterilisation process had affected the
thermoresponsivity of the formulation. Cell viability and proliferation was also

repeated as described in sections 2.2.9.

In addition to cell viability fluorescent imaging, LIVE/DEAD stained samples were also
imaged by confocal microscopy on a Zeiss LSM 710 confocal microscope, using Zen®
2008 software. Samples were imaged using a W N-Achroplan 10x objective (NA 0.3), to
generate a 5 x 5 tile image that covered 18 mm?. Images were acquired 100 um below

the surface to avoid inconsistencies. Image analysis and quantification were performed
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using the open-source software CellProfiler (http://www.cellprofiler.org) [167]. An
analysis pipeline was designed as follows: live or dead cells were identified using an
automated global two class Otsu thresholding. Objects outside of defined live or dead
cell diameters were then excluded before the size, shape and number of objects were
measured. The open-source FlJI software [168] was then used for image preparation.
Live cell counts were averaged for each sample and each group, with results being

presented as % viability.

2.2.13. Statistical analysis
Two-way ANOVA followed by Sidak’s post-hoc analysis was performed to determine
statistical differences in cell/gel studies described in sections 2.2.9 and 2.2.12. One-way
ANOVA followed by Dunnett’s post-hoc analysis was used to compare forces required
to perform injections of polymer solution in section 2.2.10. All statistical tests were
performed using GraphPad Prism v5 (GraphPad Software Inc., CA, USA). Error is
reported as standard error of the mean (SE) and significance was determined using a
probability value of p < 0.05. A minimum of n=3 technical replicates and independent

repeats was performed for all experiments.
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2.3.Results

2.3.1. Formulation process
Ten MC formulations were assessed for thermoresponsivity, as shown in Table 2.2,
section 2.2.3. Gels 1-6 were relatively simple formulations, with methylcellulose being
readily soluble in the buffer or salt solution of choice. Gels including collagen (7, 9
(Respiragel) and 10) took longer to develop due to additional steps such as making the
collagen slurry, addition of the collagen to the methylcellulose dispersion, freeze drying
and subsequent rehydration. Rehydration of the lyophilised wafers took varying
lengths of time, ranging from 2 to 5 days, and was the main rate limiting step to final

formulation.

2.3.2. Thermoresponsivity of MC hydrogel formulations
A number of different parameters were investigated for their effect on the
thermoresponsivity of the hydrogels. These included the effect of various salts on the
formulation, the effect of concentration of the chosen salt, variation in the collagen

concentration and varying the MC concentration.

Initial investigated gel formulations were varied based on inclusion of a salt
component, with four salts being compared (formulations 1-4). The addition of either
Krebs Buffer (gel 1) or PBS (gel 2) to MC 2.0% w/v did not result in any reduction in the
gelation temperature, and as such were not continued for further evaluation. A blend
of 1.0% w/v NaCl and 1.0% w/v NasPOa (gel 3) did result in a reduction in MC gelation
temperature to 50°C, but as the goal for sol-gel transition was 37°C, this combination

was also not continued further (Figure 2.2A).

Three concentrations of BGP were assessed: 2.75% w/v (gel 4), 4.0% w/v (gel 5) and
5.6% w/v (gel 6) (Figure 2.2B). Each increase in BGP concentration produced a

reduction in MC gelation temperature, with 4.0% BGP gelling at 44°C, and 5.6% w/v
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BGP gelling at 38°C. As the 5.6% w/v BGP yielded the gelation temperature closest to
that of physiological temperature (i.e. 37°C), it was concluded that this salt and

concentration would be progressed for further investigation.
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Figure 2.2. Rheological temperature response curves obtained using an AR-1000 rheometer (TA
Instruments) comparing (A) 2.0% methylcellulose combined with either Krebs Buffer (gel 1), PBS (gel 2) or
1% NaCl/1% NasPOs (gel 3); (B) 2.0% methylcellulose combined with increasing concentrations of beta-
glycerophosphate i.e. 2.75% (gel 4), 4% (gel 5) and 5.6% w/v (gel 6).

At this point, 0.1% w/v collagen was added to the formulation (gel 7, Table 2.2) and
compared to the non-collagen containing gel. The 2.0% w/v MC formulation with no
collagen present displayed a thermogelation temperature of 38°C (gel 6). The collagen
containing formulation underwent sol-gel transition at the slightly lower temperature
of 36°C, and this was accompanied by an increase in storage modulus (G’) at this

temperature (Figure 2.3A).

In order to determine whether increasing the concentration of MC would result in an
increased storage modulus (G’), a further gel was developed composed of 2.5% MC and

5.6% BGP (gel 8). This formulation displayed a slightly higher gelation temperature of
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39°C (Figure 2.3B). On addition of 0.1% w/v collagen to this formulation, the
thermogelation temperature dropped to 37°C (gel 9). Storage moduli (G’) of both 2.5%
MC containing gels were observed to be higher than those resulting from the 2.0% w/v
MC concentration. Similarly, in both the 2.0% and 2.5% MC formulations, the collagen
containing gels consistently reached higher storage moduli than the no collagen control

(Figure 2.3, A and B).

All BGP containing gel formulations were also assessed for their thermoresponsivity
over time at 37°C for 30 minutes (Table 2.4). Gel 9 (hereafter referred to as
“Respiragel”) displayed a more rapid increase in storage modulus and achieved
consistently higher storage moduli than all other formulations. Taken together with the
temperature sweep results indicating sol-gel transition at 37°C, it was decided to

progress with this formulation for further assessment.

34 36 38 40 42

Temperature (°C) Temperature (°C)
-~ Gel6G' (Pa) = Gel7 G (Pa) -~ Gel 8 G'(Pa) = Gel9G (Pa)
- Gel7 G"(Pa) e Gel8G'(Pa) - Gel9G"(Pa)

Figure 2.3. Rheological temperature response curves obtained using an AR-1000 rheometer (TA
Instruments) comparing (A) 2.0% methylicellulose, 5.6% beta-glycerophosphate (gel 6) (no collagen) with
2.0% methylcellulose, 0.1% collagen, 5.6% beta-glycerophosphate (gel 7); (B) 2.5% methylcellulose, 5.6%
beta-glycerophosphate (gel 8) (no collagen) with 2.5% methylcellulose, 0.1% collagen, 5.6% beta-

glycerophosphate (Respiragel, i.e. gel 9). G’ denotes storage modulus and G” denotes loss modulus.
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Table 2.4. Comparison of storage modulus values (G') for gel formulations 6-9 (2.0% methyicellulose,
5.6% beta glycerophosphate = gel 6, 2.0% methylcellulose, 0.1% collagen, 5.6% beta glycerophosphate =
gel 7, 2.5% methylcellulose, 5.6% beta glycerophosphate = gel 8, 2.5% methylcellulose, 0.1% collagen,
5.6% beta glycerophosphate = Respiragel (gel 9) at 5 minutes, 15 minutes and 30 minutes. Temperature =

37°C, shear stress = 5 Pa, frequency = 1 Hz, using an AR-1000 rheometer.

“Respiragel”

(G')

5 min 4.694 Pa 19.94 Pa 9.63 Pa 17.67 Pa
15 min 16.02 Pa 45.57 Pa 22.53 Pa 51.97 Pa
30 min 31.34 Pa 71.6 Pa 45.10 Pa 80.79 Pa

2.3.3. Hydrogel diffusion and disintegration gel properties
While the storage modulus (G’) provides an indication of internal three-dimensional
structure of the gel, it does not provide macroscopic evidence of the gel robustness.
Assessment of diffusion of a methylene blue dye through Respiragel showed that it
takes up to 24 h before substantial diffusion occurs (Figure 2.4A). Disintegration studies
also showed that Respiragel does not disintegrate in the presence of PBS. This was in
sharp contrast to MC 2.5% w/v alone, which begins to degrade rapidly from 24 h
onwards; retaining 35% of its original weight by the final time-point (Figure 2.4B).
Taken together, these results indicate that Respiragel, which forms at 37°C, is robust in

nature, and has the potential to remain in situ for extended periods of time.
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Figure 2.4(A). Penetration of methylene blue dye through 2.5% methylicellulose, 0.1% collagen, 5.6%
beta-glycerophosphate gel (Respiragel) at hourly time points (@ 0, 1, 2, 3, 4, 24 hours) at 37°C; (B) Gel
disintegration study of 2.5% methylcellulose, 0.1% collagen, 5.6% beta-glycerophosphate (Respiragel)
compared with 2.5% methylcellulose alone over a 28-day period at 37°C and 75 RPM. Results are

presented as average weights (n=3) and SE.

2.3.4. Respiragel ultrastructure
The morphology of the lyophilised Respiragel wafers was examined by scanning
electron microscopy (SEM). Figure 2.5A shows the uniform porous nature of the
internal wafer structure, while Figure 2.5B shows the elongated pores which appeared
close to the edges of the sample. These images show a densely porous structure, with a

pore size of approximately 100 nm.
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Figure 2.5 (A and B). Representative scanning electron micrographs, showing internal porous structure of
lyophilised Respiragel samples. Scanning electron micrographs were obtained using a Zeiss Supra 35VP
SEM microscope (Zeiss, Jena, Germany).Image A was taken at 85X magnification and 5kV accelerating

voltage, and image B taken at 40X magnification and 5kV accelerating voltage. Scale bar, 100um.

2.3.5. Effect of cell loading concentration on sol-gel transition and structure
Prior to assessing hMSC viability and proliferation in the gel, the effect of cell loading
density on rheological properties of Respiragel was carried out using temperature and
time sweeps. Figure 2.6 shows two temperature sweeps, comparing the 2% w/v MC gel
(gel 7)(Figure 2.6A) and 2.5% w/v MC gel (Respiragel)(Figure 2.6B) in terms of
increasing concentration of cells suspended within each gel respectively. From these
graphs, it is evident that the inclusion of cells corresponds with a decrease in G’ in both
formulations (compared to a “no cells” control). The formulation of Respiragel
containing a concentration of 300,000 cells/ mL, was selected for further cell in gel
studies, as this combination results in the smallest decrease in G’. This data was
confirmed using a time sweep of all formulations, which yielded supporting results

(data not shown).
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Figure 2.6. Effect on temperature response of increasing cell-in-gel loading concentrations in (A) 2% w/v
methylcellulose, 0.1% collagen, 5.6% beta glycerophosphate gel (gel 7) compared with (B) 2.5% w/v
methylcellulose, 0.1% collagen, 5.6% beta glycerophosphate gel (Respiragel i.e. gel 9), using an AR-1000
rheometer (TA Instruments). Shear stress = 5 Pa, frequency = 1 Hz. Gel 9 at a cell density of 300,000 cells/

mL is the most suitable combination.

2.3.6. Encapsulated hMSC viability and proliferation
Encapsulation of hMSCs indicated that cells were viable and displayed low levels of cell
death up to day 7 when suspended in the collagen containing gel (Respiragel). This was
in contrast to the non-collagen containing control (gel 8), in which viability decreased

after day 3 (Figure 2.7A).

Measurements of double stranded DNA (dsDNA) from encapsulated hMSCs in gel 8 and
Respiragel supported the viability assessment. hMSCs were shown to be capable of
proliferating within the collagen containing gel up to 7 days (Respiragel), whereas

proliferation is limited in the non-collagen containing control (gel 8) (Figure 2.7B).
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Figure 2.7(A). LIVE/DEAD stain results: (i) 2.5% methylcellulose, 5.6% beta glycerophosphate (gel 8); (ii)
2.5% methylcellulose, 0.1% collagen, 5.6% beta glycerophosphate (Respiragel) imaged at 24 h, day 3 and
day 7. Live cells are stained green, dead cells are stained red. Scale bar, 100 um; (B) Quantification of
dsDNA from hMSCs cultured in 2.5% methylcellulose, 0.1% collagen, 5.6% beta glycerophosphate
(Respiragel) versus 2.5% methyicellulose, 5.6% beta glycerophosphate (gel 8) as a control. Levels of DNA

are significantly higher in the collagen containing formulation. *** = P < 0.0001.
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2.3.7. Injectability of the polymer solution at room temperature
Administration of this type of delivery vehicle to a patient in a minimally invasive
manner is key, and as such, it would likely be delivered using readily available medical
devices such as a syringe, needle or catheter. Therefore, to determine feasibility of
delivering through such devices, mechanical testing to quantify the force required to
expel the formulation through them was carried out. This showed that it was possible
for the polymer solution to be passed through devices including a 3 mL syringe, 3 mL
syringe plus 21 G needle, and a 3 mL syringe plus catheter tubing of 0.5 m in length
with an internal diameter (ID) of 0.514 mm. This diameter corresponds to the ID of a 21
G needle, which is used commonly in clinical procedures [169] (Figure 2.8A). Forces
required to push the polymer solution through these devices fall below the average
forces at which males can push (pinch test) [170,171] and only the catheter exceeds
the force which is average for females. This result is supported by rheological flow
viscosity testing of the polymer solution, which shows shear thinning properties,
resulting in a rapid decrease in viscosity on application of shear stress (Figure 2.8B). On
removal of the shear stress the structure recovers, indicating that this process is

reversible and damage to the formulation has not occurred.
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Figure 2.8(A). Injectability study of 2.5% methylcellulose, 0.1% collagen, 5.6% beta glycerophosphate
solution (Respiragel) through a 3 mL syringe, a 3 mL syringe with 21 G needle attached, and a 3 mL
syringe with 21 G catheter attached, using the Zwick-Roell. Data presented shows average forces (n=6)
and SE. Force required to expel polymer solution through catheter is significantly higher than that
required to expel through a syringe or 21G needle. *** = P < 0.001. Male average pinch strength is 70 N,
and female average pinch strength is 50 N [170]; (B) Assessment of viscosity of 2.5% methyicellulose,
0.1% collagen, 5.6% beta glycerophosphate solution (Respiragel), as determined by flow rheology using
an AR-1000 rheometer at a constant temperature of 25°C. Results correspond with injectability data
indicating that when stress is applied to the formulation, the viscosity drops; i.e. it is shear thinning in

nature. Structure is recovered on removal of shear stress. Results presented as mean (n=3) and SE.

2.3.8. Assessment of gel bolus formation in & rat lung tissue
In section 2.3.7, we determined that theoretically, Respiragel could be delivered
through a range of clinical devices in a minimally invasive manner. We chose to confirm
this through the injection of ICG-loaded Respiragel into ex vivo rat lung tissue. Injection
of Respiragel into rat lung tissue using a 1 mL syringe with 30 G needle attached was
possible using normal finger push force. On injection of the gel into the rat lung, gel can

be visualised in situ forming a dense bolus (identified by bright yellow colouring in
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Figure 2.9B. This was compared with ICG in saline (Figure 2.9C) which was observed to
be delivered in a widespread manner, rather than remaining localised near the
injection site. This indicates that ICG-Respiragel is able to form a gel bolus in situ in a

superior manner to dye delivered in saline.
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Figure 2.9(A). Injection of 0.025% ICG in Respiragel (100 ulL) into ex vivo rat lung tissue using a 1 mL
syringe and 30 G needle; (B) Ex vivo rat lung tissue containing ICG-Respiragel fluorescently imaged using
a Xenogen IVIS imaging system 100. Highest intensity fluorescence is coloured yellow, indicating highest
density of gel (or gel bolus formation); (C) Ex vivo rat lung tissue containing ICG-Saline fluorescently
imaged using a Xenogen IVIS imaging system 100. Fluorescence observed in both lungs, indicating spread

of dye, and lack of retention at the site of delivery.

2.3.9. Impact of sterilisation process on Respiragel formulation

@ ] B

In order to safely administer this type of delivery vehicle to a patient, it would need to
be sterile. Therefore, with a view to the potential translatability of the formulation,

Respiragel was freeze dried into a polymer wafer and subsequently sterilised using
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gamma irradiation with the impact of this process being assessed. The
thermoresponsivity of the irradiated Respiragel was determined as described in section
2.2.4, and was compared with the non-irradiated gel of the same composition.
Rheological analysis confirmed thermoresponsivity remained at 36°C following
irradiation, and storage modulus (G’) was not significantly affected by this process

(Figure 2.10).

G' (Pa)

Temperature (°C)
-o- |rradiated Gel G' (Pa) -+~ Non-lrradiated Gel G' (Pa)
-& |rradiated Gel G" (Pa) -* Non- Irradiated Gel G" (Pa)

Figure 2.10. Temperature sweeps (34-45°C @ a frequency of 1 Hz and shear stress of 5 Pa) comparing
irradiated 2.5% w/v methylcellulose, 0.1% collagen, 5.6% beta glycerophosphate (Respiragel) with the
non-irradiated formulation of the same composition. Performed using an AR-1000 rheometer (TA

Instruments).
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The morphology of the irradiated lyophilised Respiragel wafers was examined by SEM,
as previously described in section 2.2.6. Image (A) in Figure 2.11 shows the uniform
porous nature of the internal wafer structure, while image (B) shows the elongated
pores which appeared close to the edges of the sample. These images show a densely

porous structure, with a pore size of approximately 100 nm. The lyophilised polymer
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structure appeared to remain intact following the irradiation process, as no difference

could be observed between the irradiated and non-irradiated samples, shown in Figure

2.5 (Section 2.3.4).

Figure 2.11. Representative scanning electron micrographs, showing internal porous structure of
irradiated lyophilised Respiragel samples. SEMs were obtained using a Zeiss Supra 35VP SEM microscope
(Zeiss, Jena, Germany).Image A was taken at 85X magnification and 5kV accelerating voltage, and image

B taken at 40X magnification and 5kV accelerating voltage. Scale bar, 100um.
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The ability of the irradiated Respiragel to support encapsulated cell viability and
proliferation was assessed as described in section 2.2.9, and was compared with the
non-irradiated gel. LIVE/DEAD staining confirmed the presence of viable cells within
the irradiated gel, with images showing a comparable spread of live cells throughout
both gel formulations (Figure 2.12A). Quantification of dsDNA present in the irradiated
hydrogel versus the non-irradiated hydrogel showed no significant difference between
groups (Figure 2.12B). Confocal imaging was also performed on LIVE/DEAD stained
hMSCs encapsulated in irradiated Respiragel versus 2.5% MC 5.6% BGP (gel 8), in order
to quantify % viability of hMSCs in the hydrogel (Figure 2.12C). Respiragel shows no
significant decrease in % viability up to day 8.
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Figure 2.12(A). LIVE/DEAD stain results of 2.5% methylcellulose, 0.1% collagen, 5.6% beta
glycerophosphate (Respiragel): (i) irradiated gel; (ii) non-irradiated gel, imaged at 24 h, day 3 and day 7.
Live cells are stained green, dead cells are stained red. Scale bar, 100 um; (B) Quantification of dsDNA
from hMSCs cultured in irradiated Respiragel (denoted as “Irr”) versus non-irradiated gel of the same
composition (denoted as “Non-Irr”). Levels of DNA are not significantly different between the irradiated
and non-irradiated gels at all time points, though significantly more DNA at day 7 compared with all
earlier time points for both groups. *** = P < 0.001; (C) Confocal microscopy quantification of cells using
LIVE/DEAD stain. Live cells were stained green, dead cells were stained red and cells counted and
quantified using a Zeiss LSM 710 confocal microscope with CellProfiler software. No significance was
observed but there is a trend towards decreased viability in the control gel (gel 8) compared with

irradiated Respiragel up to day 8.
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2.4.Discussion

Limitations associated with delivery of emerging cell-based therapies has resulted in
the need for new and efficient systems to enable such therapies to remain in damaged
tissue and exert their therapeutic benefit for extended periods. The use of biomaterial
based scaffolds, which overcome these issues by behaving as a surrogate extracellular
matrix, results in increased delivery of cells to the target site, helps to keep these cells
localised and viable, and also enhances the production of paracrine factors, which have
a role in regeneration and tissue repair [172]. This is in contrast to the injection of cells
suspended in saline, the current clinical standard, which has been shown to be inferior
in supporting cell retention when compared with biomaterial delivery vehicles in
various studies. In research conducted by Roche et al [173], saline delivery of MSCs was
compared with alginate or chitosan-BGP hydrogels, and collagen or alginate patches in
an in vivo model of myocardial infarction, resulting in improved cell retention with all
biomaterials above the saline control. Not only can these biomaterials support cells
when in situ; they can also protect cells from the shearing forces associated with the
injection process, which results in mechanical membrane disruption. Research
published by Aguado et al found that injecting cells suspended in an alginate hydrogel
resulted in significantly higher levels of viability post injection, when compared with

delivery in a PBS control [174].

Numerous scaffolds produced from a variety of biomaterials and manufactured using a
multitude of techniques have been used in the field of TE in an attempt to regenerate
different tissues in the body [175-179]. There are however a number of key
considerations in the selection and development of such systems. Scaffolds must be
biocompatible, to prevent the possibility of an immune response in the recipient
following implantation or injection. They must also be biodegradable, but equally

should not degrade at a rate which causes the scaffold to collapse prematurely. In
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addition to this, the scaffold should possess mechanical properties similar to those of
the tissue it is being implanted into, as well as an architecture which facilitates
essential processes like diffusion, the development of vasculature, and waste removal.
Finally, the process must be commercially viable, and should be possible to scale-up

from laboratory size to small batch production [177].

It is also important to consider the potential clinical translatability of such biomaterials.
In this study, the starting materials selected are currently used in clinically available
products, indicating that a formulation based on such materials could be rapidly
translated — a prerequisite of the study. Delivery of the formulation in a minimally
invasive manner is key, which limits the possibility of using pre-formed scaffolds, as
they require surgical implantation — a significant medical procedure. Stimuli responsive
hydrogels provide an alternative solution to this issue. In this study, we focused solely
on temperature responsive, or thermoresponsive, hydrogels — a subsection of stimuli
responsive materials. Thermoresponsive hydrogels have a number of applications in
the biomedical field due to their tendency to maintain a liquid state at room
temperature, thereby enabling minimally invasive administration via injection into any
tissue, organ or body cavity, with the subsequent ability to rapidly form a robust gel
bolus upon heating to physiological temperature [133]. Formation of a gel bolus in vivo
allows for the potential to sustain the release of drug, stem cells or other therapeutic
agents over time. Delivery of stem cells encapsulated within these hydrogels can result
in protection of the cells from noxious insults in the local environment [180], and can
keep cells localised and viable for extended periods, facilitating an enhanced paracrine
effect. In addition to this, there is no need for surgical procedures, biological
components can easily be incorporated by simple mixing and their initially flowing
nature ensures proper shape adaptation resulting in a good fit with the surrounding

tissue.

Development of a thermoresponsive hydrogel which exhibited specific characteristics,

including a sol-gel transition temperature of approximately 37°C and physiological pH,
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the ability to support cell viability and proliferation, and also the ability to be delivered
using standard clinical devices, was the overall goal of this study. The results presented
in this chapter demonstrate that MC and collagen are able to form a thermoresponsive
hydrogel in combination with BGP, and that this formulation supports encapsulated cell

viability and proliferation, and can be delivered in a minimally invasive manner.

Initial formulations investigated compared the effect of various salts on the sol-gel
transition temperature of 2% w/v MC (gels 1-6, Table 2.2). The sol-gel transition
temperature was defined as the point at which the storage modulus (G’) exceeded that
of the loss modulus (G”). Of the early investigated formulations, addition of BGP
produced the greatest reduction in MC gelation temperature. This is likely due to the
ionic strength and anionic charge of the respective salts tested. Increasing ionic
strength and higher anion charge density (i.e. 3 for phosphate present in BGP
compared with 1 for chloride, present in NaCl) results in greater interaction with water
molecules, thereby reducing intermolecular hydrogen bonding between water
molecules and MC chains. This permits greater hydrophobic interactions between MC
chains, leading to more rapid onset of gelation [157,181]. A comparison of different
concentrations of BGP was undertaken (gels 4-6, Figure 2.2B), with the 5.6% w/v
concentration (gel 6) resulting in the closest to optimal sol-gel transition profile (i.e.

gelation at 38°C).

At this point, a further gel was formulated to include 0.1% w/v collagen (gel 7, Figure
2.3A). This gel was robust, as evidenced by a high G’ in temperature and time sweeps, a
measure often used to indicate the internal three-dimensional structure within the gel.
While this gel met our criteria in terms of sol-gel transition at physiological
temperature and pH, it displayed weakened mechanical properties on advancing to
cell-in-gel viability and proliferation investigations. It was hypothesised that the
suspension of cells within the gel resulted in physical impediment of the gel crosslinks
forming, leading to a lower observed mechanical strength. This hypothesis was

confirmed on repeated rheological evaluation of the gel formulation following the
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suspension of cells within it at increasing concentrations (Figure 2.6). As a result of this,
a new formulation based on an increased concentration of MC to 2.5% w/v
(“Respiragel”) was developed and also characterised rheologically. It displayed a similar
thermoresponsive profile to that of the 2% w/v gel, but reached higher storage moduli,
most likely due to the increased quantity of polymer and therefore increased potential
for the formation of intramolecular bonds. The results obtained from the rheological
analysis of MC with BGP correspond to findings from published data, wherein a change
in ionic environment lead to a lowering of the temperature at which a thermal
response was observed [157,158,182]. This is believed to be due to the nature of MC
gelation. MC, when dissolved in water, is thought to interact with the surrounding
water molecules via hydrogen-bonding or the formation of “cage-like” structures. An
increase in temperature disrupts the water-polymer forces, and allows the
hydrophobic regions of the MC chains to interact. Thus, when water-polymer forces
are mitigated, polymer-polymer hydrophobic forces allow the aggregation of MC
molecules, which in turn subsequently allows the formation of a semi-solid. As
previously mentioned, the presence of ions in solution also disrupts the water-polymer
forces due to the electrostatic affinity of the ions with water molecules. This in turn
allows the polymer-polymer interactions to proliferate at lower temperatures, resulting

in a decrease in sol-gel transition temperature [183].

The effect of increasing concentration of MC on gelation temperature has been
investigated in the literature previously [184], where it was found that a higher
polymer concentration correlates with a higher sol-gel transition temperature. This is
line with the results observed in our studies, where we compared two different
concentrations of MC: 2.0% w/v versus 2.5% w/v, and also formulations with or
without 0.1% w/v collagen present. Comparing the two formulations containing 2.5%
w/v MC, the collagen containing gel (Respiragel) displayed a thermogelation
temperature of 37°C, evidenced by an increase in the storage modulus at that
temperature. The 2.5% MC formulation containing no collagen (gel 8) displayed a

slightly higher gelation temperature of 39°C (Figure 2.3B). On comparing the two
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formulations containing 2% w/v MC, the collagen containing formulation (gel 7)
underwent sol-gel transition at 36°C, lower than that of the 2.5% MC formulation. In a
similar manner to the 2.5% MC gel, the 2% MC formulation without collagen (gel 6)
present displayed a slightly higher thermogelation temperature of 38°C (Figure 2.3A).
This is likely due to a greater proportion of polymer-polymer associations to be formed,
requiring more thermal energy or agitation to do so. In both the 2.5% and 2.0% MC
formulations, the collagen containing gels consistently reached higher storage moduli
than the no collagen control. This was expected, as previous rheological observations in
the literature have indicated that the presence of increasing concentrations of collagen
in gels resulted in increased storage moduli [163,185,186]. This is most likely due to the
specific aggregation and cross-linking within collagen chains, which result in fibres of
high strength [187]. As the storage modulus is widely reported as a measure of gel
strength [188-190], this indicates improved structural integrity of the formulation

when collagen is included.

While the storage modulus provides an indication of internal three-dimensional
structure, it does not provide macroscopic evidence of the gel robustness. This is a key
distinction to make, as some gels may reach very high storage moduli but despite this,
have a tendency to dissociate within a relatively short period of time. One particular
example of this behaviour is observed with Poloxamers, which can reach storage
moduli in excess of 10,000 Pa [189], but due to dissociation of micelles in an excess of
water, the gel integrity of Poloxamers only persists for hours to days [191,192]. In this
study, assessment of diffusion of a methylene blue dye through Respiragel showed that
it takes up to 24 h before diffusion occurs (Figure 2.4A). Disintegration studies also
showed that Respiragel does notdisintegrate in the presence of PBS, with close to
100% of its weight retained by day 28. This was in contrast to MC 2.5% w/v alone as a
control, which begins to degrade rapidly from 24 h onwards, retaining just 35% of its
original weight by the final time-point (Figure 2.4B). The dye penetration and gel
disintegration investigations are intended to support each other, with the

disintegration study allowing for quantification of mass lost as a result of gel
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breakdown; while the methylene blue dye aspect allows a visual explanation of the
ability to allow for diffusion through the gel while still retaining structural integrity.
These results in combination suggest that the gel formed at 37°C is robust in nature,
and has the potential to resist degradation in the presence of a physiologically
compatible buffer system. However, further studies investigating accelerated
disintegration of Respiragel using enzymes such as collagenase, would be useful to

more accurately model the in vitro disintegration profile of the hydrogel.

hMSCs suspended within Respiragel were viable up to day 7 in culture, as assessed by
LIVE/DEAD staining. In addition to this, cell proliferation was evidenced by the fact that
dsDNA levels increased over the duration of the 7-day gel culture period (Figure 2.7).
This is in sharp contrast to the non-collagen containing control that supported
significantly lower proliferation of encapsulated cells than the collagen containing gel
(p < 0.001). On formulating this gel, collagen was included due to its well-recognised
characteristic of providing attachment sites for cells, which facilitates increased cell
replication and differentiation [193]. The effect of the addition of collagen to the
formulation and the consequent cell attachment is evident in the cell viability images
for the collagen containing gel as stretching and spreading of the cells is clear, whereas
this is not the case in the collagen free gel. The results from this study also correspond
with these previous findings [163] in that cell proliferation is markedly improved in the
collagen containing gel. This indicates the suitability of this material, not only as a cell
delivery vector, but also as a material within which cells can remain viable and
proliferate. This evidence of viability is also consistent with previous research which
has shown various cell types (e.g. hBMSCs, astrocytes, and NIH-3T3 cells) being
successfully cultured in gels composed of MC or collagen, or those containing BGP
[158,159,162,163] highlighting the potential of this formulation as an agent of cell
delivery. A useful additional experiment here would be to confirm that hMSCs remain
as hMSCs following encapsulation within the gel. This could be achieved through flow

cytometry, using specific hMSC markers to validate the cell type. Markers commonly
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used to characterise hMSCs include the expression of CD73, CD90 and CD105, and the
lack of expression of CD 14, CD34 and CD45 [194].

It should be noted here that cell seeding densities used in rheological testing of gel 7
and gel 9 (Respiragel) shown in Figure 2.6 and viability and proliferation assays shown
in Figure 2.7 are substantially lower than those used previously in the literature. Much
of previous research conducted into stem cell delivery focuses on their delivery i.v.
suspended in saline which is the current clinical standard. However, as previously
mentioned this leads to a huge loss of cells, with typically less than 10% cells being
retained at the target site. It could be said that the large numbers of cells currently
being delivered serve to overcome much of this 90% loss, and as such are far higher
than may be necessary for repair. With this in mind and with the hypothesis that this
hydrogel will be able to encapsulate and support cell viability and growth, it was

decided that lower cell numbers would be investigated in this study.

Current medical device technology in applications such as cardiac and lung
regeneration is focused on the use of novel catheter devices as a minimally invasive
method of accessing damaged tissue. Catheter based methods have been used in
various clinical trials such as the DREAM-HF trial (on-going), the C-CURE trial
(completed) and the CHART1 and CHART2 trials [195]. In addition to this, medical
device companies such as Olympus and Boston Scientific are developing advanced
transbronchial needles and flexible bronchoscopes which provide access to the distal
airways, showing the possibilities for delivering formulations to hard-to-reach areas.
With translatability of our formulation in mind, we assessed the potential for syringing
of the polymer solution in terms of force required for the gel to be expelled.
Injectability testing showed that it was possible for the solution to be passed through a
range of common clinical devices including a 3 mL syringe, 3 mL syringe plus 21G
needle, and a 3 mL syringe plus 0.5 m catheter (Figure 2.8A). Results confirmed that
the Respiragel formulation can be pushed through all three devices. Forces required

fall below the average at which males can push (pinch test) [170], and only the catheter
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falls at the threshold of force which is average for females, though these forces can be
lowered further by slowing the speed of injection. This result is supported by flow
viscosity testing of the formulation, which shows the solution has shear thinning
properties, resulting in a rapid decrease in viscosity on application of shear stress. On
removal of the shear force, it is able to recover its original structure, and is not
adversely damaged by the shear thinning process. In addition to this, all in vitro cell-in-
gel experiments in this study (i.e. data shown in Figure 2.7 and Figure 2.12) were
carried out via syringing the cell loaded formulation through a 21G needle into inserts
prior to culture and viability and proliferation assessment. This showed no adverse
effects on cell viability, indicating that the gel is acting as a protective scaffold for the
cells, preventing shear related damage which often occurs with cells delivered in saline

[174].

Data from injectability assessment was supported by further studies in which ICG
loaded Respiragel was injected into ex vivo rat lung tissue in order to assess depot
formation and retention at the site of delivery (Figure 2.9). Injection of Respiragel into
rat lung tissue could be performed manually, supporting the data presented in Figure
2.8 suggesting Respiragel could be delivered using forces falling below the male and
female average push strength. Following injection of ICG Respiragel into the ex vivo
lung tissue, fluorescent imaging using an IVIS showed the gel to remain in situ, with a
high density of gel at the injection site (evidenced by the high fluorescent signal at this
location). A lower fluorescent signal can be observed around the site of injection,
which indicates some spreading of the gel (or release of the dye). It is possible that the
gel did not undergo gelation as quickly as required, though in this instance, the lungs
had been ex vivo for some time prior to injection (~ 15 mins), thus would no longer
have been at 37°C, possibly explaining the slight spreading from the injection site.
Injection of ICG in saline however, results in a large amount of spreading from the
injection site, with dye being visualised in both lungs. This data supports the hypothesis

that biomaterials demonstrate improved retention at the site of delivery when
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compared with saline, and also highlights the promise for this formulation for in vivo

delivery.

Sterility of any type of delivery vehicle for administration to a patient is of utmost
importance. Therefore, with a view to the potential translatability of the formulation a
method for sterilisation was investigated. Autoclaving, which is the clinical standard for
sterilisation, cannot be used for this formulation due to the resultant thermal
denaturation of the collagen proteins [187] and therefore the lyophilised polymer
wafers were sterilised using gamma irradiation. Rehydration of the wafers in sterile
BGP 5.6% w/v solution under aseptic conditions maintained sterility of the formulation.
Rheological assessment reconfirmed the ability of Respiragel to undergo sol-gel
transition at physiological temperature post sterilisation, with no effect on the
resulting storage modulus obtained (Figure 2.10). This indicates that the irradiation
process does not negatively impact on the formulations physicochemical
characteristics. This is supported by SEM images of the lyophilised Respiragel wafers
pre- and post-irradiation, which showed no evidence of structural changes as a result
of the sterilisation process (Figure 2.11). A comparative study of cell viability and
proliferation in the irradiated gel versus the non-irradiated gel was also conducted, in
order to establish whether the sterilisation process affects the ability of the gel to
support cells suspended within the gel. Cell viability was again assessed using
LIVE/DEAD staining. Results show no difference in cell viability between the two groups
at all time points. This correlates with the results of the proliferation assay (Figure
2.12B), again measuring dsDNA. While there is a statistically significant increase in
proliferation from day 3 to day 7 for both groups, there is no significant difference in
proliferation between the two groups, supporting the hypothesis that irradiation can
be used as a method to successfully sterilise this formulation without negatively

impacting on its ability to support encapsulated cells.

Review of the literature surrounding gamma irradiation of polysaccharide based

hydrogels indicates that sterilisation by this method can lead to degradation of the
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polymer, observed previously in the case of chitosan and alginate. In the case of such
materials, gamma irradiation causes degradation by free-radical induced incision of
glycosidic bonds and a subsequent decrease in molecular weight [196]. Due to the
structure of MC also containing repeating units linked together by glycosidic bonds,
one would potentially expect it to degrade in a similar manner. However, this was not
observed in this study, which may be attributed to other MC characteristics
outweighing the possible degradation. In one previous study, it was found that dose of
gamma irradiation applied to the chitosan and alginate (0-200 kGy) affects the degree
of degradation (measured by determining molecular weight), with increased doses
leading to a corresponding increase in degradation [197]. It was found that doses up to
50 kGy led to decrease in molecular weight, after which point, the degradation appears
complete and no further breakdown occurs. In the research presented in this
manuscript, the dose specified by the European Pharmacopoeia for sterility, i.e. 25
kGy, was used. As this is a relatively low dose of irradiation it is possible that perhaps
partial rather than full degradation may be expected. The effect of varying the
concentrations of polymer solution on irradiation induced degradation was also
investigated in the chitosan/alginate study, with a range of 0.1-2% with chitosan and
0.5-8% with alginate being investigated. For both polymers, it was found that
decreasing concentration corresponds with an increase in degradation. In our research,
we use a 2.5% MC solution. Given that this is a somewhat intermediate concentration
of polymer (in comparison with the alginate and chitosan concentrations), the density
of glycosidic bonds may correspond with less apparent degradation effect. It is also
noted in this study that the dose required to cause degradation in chitosan is lower
than the dose required to cause similar degradation in alginate. This observation is
linked to the initial polymer molecular weight of chitosan being lower than that of
alginate. It is of worth to note here that the MC used in this study was “high viscosity”
and according to the manufacturer’s literature, this corresponds to an approximate
molecular weight of 88,000 g/mol, with lower viscosity alternatives ranging from

14,000-63,000 g/mol. Both alginate and chitosan have far lower molecular weights
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than the MC used in our research, indicating that this density of glycosidic bonds may
be sufficiently significant to resist degradation by gamma irradiation. This is not to say
that no bond cleavages and degradation has occurred — however, it is possible that
these bond cleavages were not so widespread as to adversely affect the observed

gelation (Figure 2.10).
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2.5.Conclusion

A growing body of evidence relating to the failure of stem cell delivery indicates the
need for new methods to enable therapies to remain in situ for extended periods, in
order to maximise their regenerative capabilities. The results of this chapter show the
formulated hydrogel to fulfil important criteria for potential use as an injectable stem
cell delivery modality. A 2.5% w/v MC, 0.1% w/v collagen, 5.6% w/v BGP gel
(“Respiragel”) displayed a suitable thermoresponsive profile for use as an injectable
gel, which was capable of supporting hMSC viability and proliferation. This gel was
structurally robust, as evidenced by a high G’ in temperature sweeps, and permitted
the slow diffusion of methylene blue dye through its structure. The gel also resisted
disintegration in the presence of PBS, a physiologically compatible buffer system, over
the course of a 28-day investigation. In an effort to ascertain the potential
translatability of this formulation in a clinical setting, injectability studies confirmed the
ability of the polymer solution to be delivered using a syringe, needle or catheter,
findings which were supported by flow rheology; a process which also resulted in no
negative impact on physicochemical characteristics or ability to support cell growth.
These results indicate that devices such as these may be a possible means of delivery of
this hydrogel in a clinical setting in the future, and shows the potential translatability of
injectable hydrogels, such as the formulation described in this study. Finally, the freeze
dried polymer wafer was subjected to sterilisation by gamma irradiation, which was
shown to have no effect on the thermoresponsivity of the gel, or its ability to support
hMSC viability and proliferation. This chapter represents proof of concept research for
the use of a MC and collagen based hydrogel in the delivery of stem cells, while
requiring further application and investigation in both in vitro and in vivo disease

models in order to advance the field of stem cell therapies combined with biomaterials.
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3. Chapter 3; Development and physicochemical
characterisation of synthetic linear and star shaped co-

polypeptide based hydrogels
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3.1.Introduction

The overall goal of this thesis was to develop materials suitable for minimally invasive
delivery of cells and drugs as therapeutic agents, for use in applications in which
currently utilised strategies are suboptimal and in which loco-regional delivery might
enable significant enhancement of clinical outcomes. In Chapter 2 of this thesis, we
established that a thermoresponsive methylcellulose, collagen and beta
glycerophosphate based hydrogel could support cell viability and proliferation in vitro
and could be delivered in a minimally invasive manner. In this chapter, we aimed to
replicate this process for assessment of novel synthetic hydrogels, in order to develop a
catalogue of materials which could be used for cell or drug delivery applications.
Bioactive synthetic hydrogels have recently emerged as promising scaffolds due to the
fact that they can provide molecularly tailored biofunctions and adjustable mechanical
properties, as well as an extracellular matrix-like microenvironment for cell growth and

tissue formation [198].

Arguably the most well characterised and investigated synthetic polymers to date are
Pluronics® or poloxamers (poly(ethylene oxide)—poly(propylene oxide)—poly(ethylene
oxide) (PEO—PPO-PEQ) tri-block copolymers), which have been discussed previously in
section 2.1 with reference to their thermoresponsive behaviour. Limitations associated
with the use of Pluronic® based hydrogels have already been mentioned, such as their
weak mechanical properties, rapid erosion and intrinsic instability, which originate
from the weak hydrophobic interactions between the PPO blocks [148]. In addition to
this, these block copolymers are not biodegradable, which prevents the use of high
molecular weight materials since they cannot pass the kidney membranes. Poly(N-
isopropylacrylamide (pNiPAAm) based hydrogels are also thermoresponsive
undergoing sol gel transition at approximately 30-34°C [199], and can be co-
polymerised through the use of other more hydrophilic monomers such as butyl

methacrylate in order to tune the gelation temperature [200]. However, despite the
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promise shown by thermoresponsive synthetic polymers such as these, clinical
translation of pNiPAAm based hydrogels has been limited due to uncertainties
surrounding the biocompatibility of the monomers and cross-linkers used in their
synthesis [132]. In addition to this, the polymers of pNiPAAm and its derivatives are not
biodegradable resulting in concern that a “foreign body” polymer bolus may remain in
situ leading to potential inflammatory reactions [201]. The perception that acrylamide
based polymers activate platelets on contact with blood, has also led to difficulties in

securing FDA approval [202].

Disadvantages such as those associated with current synthetic polymer forming
hydrogels, has resulted in a need for novel, advanced polymers capable of
circumventing these issues. A promising class of materials is that of synthetic hydrogels
obtained by self-assembly of amphiphilic polypeptides. Amphiphilic peptides can self-
assemble into a supramolecular hydrogel matrix through non-covalent interactions
such as hydrogen bonding, electrostatic interactions, pi-stacking and hydrophobic
interactions when placed in an aqueous medium [203]. Such hydrogels are of interest
generally, as their arrangement can be rationally designed to be highly specific,
tuneable, and reversible and thereby contribute distinct and useful properties that
have thus far been unrealised in traditional biomaterials [204]. In addition to this, their
composition of chains of naturally occurring amino acids linked by conventional
peptide bonds renders them as biologically inspired (bioinspired) and confers natural
biodegradability [205]. Star shaped self-assembling co-polypeptide based polymers will
be the focus of this chapter, synthesised via an N-carboxyanhydride (NCA)

polymerisation reaction.

The synthesis and polymerisation of NCAs was first reported in 1906 by Hermann
Leuchs [206]. NCAs are anhydrides of a-amino acids and are commonly synthesised
through the use of chlorinating agents to cyclize the amino/carboxylic functionality on
the a-carbon (Figure 3.1). The NCA ring is then opened through a further reaction, thus

permitting the synthesis of poly(amino acids) or polypeptides [207,208].
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Figure 3.1. Synthesis of amino acid N-carboxyanhydrides (NCA) from phosgene and subsequent NCA
polymerisation. Reproduced from [215].

Star-shaped or branched polypeptides describe a particular architectural class of
polypeptides consisting of a number of linear polypeptide chains or “arms” bound to a
central core. The molecular weight and number of polymeric arms can be tightly
controlled by the choice of the polymerisation reaction method and the initiator
(Figure 3.2) [209]. Such polypeptides can be generated via the divergent method,
where arms are attached to a pre-synthesised core, or by the convergent method,
whereby pre-synthesised linear polymeric arms are attached to a core via a linking
agent [207]. Star-shaped hydrogels offer advantages over their linear counterparts in
that their highly branched star architecture allows for superior intermolecular physical
interactions between the adjacent hydrophobic moieties [210]. In this Chapter,
corresponding linear polypeptide based hydrogels will be used to identify what effect,

if any, star-shaped architecture has on hydrogel physicochemical characteristics.
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Figure 3.2. Diversity of synthesised star polypeptides resulting from NCA polymerisation reaction —
number and length of “arms” and molecular weight may be varied, producing a library of polymers.

Adapted from [211].

To date, star-shaped polypeptides have been investigated for numerous applications,
including gene, protein and drug delivery [209][212—-214]. Generally, this has been in
the form of nanoparticles, due to electrostatic interaction of the star-shaped polymer
with oppositely charged materials inducing nanoparticle formation. Star shaped
polypeptides have been reported as particularly promising in their role as gene delivery
vectors, due to their cell transfection capabilities combined with reduced associated
toxicity and immunogenicity when compared with traditional viral gene vectors
[209,215-217]. However, research into star-shaped polypeptide based hydrogels is still
very much in its infancy, with very few instances of their development being reported

in the literature [210,218,219]. Research conducted by our team in Murphy et al [210]
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reported on the development of a range of 8-arm star-shaped diblock co-polypeptides
and the investigation into their potential as self-assembling amphiphiles in aqueous
media. We found the star-shaped block co-polypeptides (which were synthesised by
sequential NCA polymerisation from a polypropylene imine (PPI) dendrimer core) to
spontaneously self-assemble into hydrogels at a low polymer concentration of 2 wt%.
The hydrogels were investigated for their viscoelastic properties revealing a strong
structure dependence of the hydrogel strength. The highest gel strength was achieved
with the star block co-polypeptide containing the poly(L-phenylalanine) outer blocks.
We concluded that the versatile synthetic process enables straightforward modification
of the hydrophobic sequence, which can be utilised to modulate the mechanical
strength for various applications. Research conducted by Shen et al [218] also
synthesised a series of star-shaped polypeptides by ring opening polymerization (ROP)
of an L-glutamate based NCA. These star-shaped polymers could spontaneously form
hydrogels instead of micelles in water at low concentration. They found that the critical
gelation concentration (CGC) and hydrogel strength displayed a stronger dependence
on arm numbers than the arm length under similar conditions, and that these
properties could be easily modulated. The hydrogels showed shear thinning and rapid
recovery properties. Finally, Thornton et a/ [219] reported on the generation of a range
of star-shaped block copolymers composed of a biocompatible PEG core tethered to a
polyalanine (PAIa) shell, that possesses the capability to self-assemble in water. The
hydrogels formed were able to withhold encapsulated albumin for prolonged periods
before its triggered release following targeted material degradation by the proteolytic
enzyme elastase. The authors concluded that the materials formed offer significant
promise for the delivery of proteins, and possibly inhibitors, in response to a
proteolytic enzyme overexpressed in chronic wounds, demonstrating their usefulness

in biological applications.

Two polymers synthesised via NCA polymerisation will be compared in this Chapter —
firstly, a star-shaped co-polypeptide based on lysine and tyrosine amino acids, denoted

by PPI-G2(8)-PLLso-b-PLT10 (or Star-PLL-PLT) and secondly the corresponding linear co-
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polypeptide, also based on lysine and tyrosine, denoted by AA-PLLyoo-b-PLT2s5 (or Linear-
PLL-PLT). Lysine and tyrosine were selected as amino acids for use in these hydrogels
due to their biodegradability, and also due to the promise shown from previous work
conducted in this group [210], which this thesis Chapter aimed to build on. In order to
clarify the nomenclature associated with such polymers, the components are explained

as follows. Taking PPI-G2(8)-PLLso-b-PLT10as an example (Figure 3.3):

PPI Polyproylene imine, a dendrimer, used as the core of the polypeptide.
Dendrimers are nano-sized, molecules with well-defined, homogeneous,
and monodisperse structure that typically have a symmetric core, an
inner shell, and an outer shell [220]

G2 The generation number of the PPl dendrimer used, indicating that the
branches are joined to the second nitrogen in the PPI core

(8) The total number of arms on the dendrimer

PLLso The PLL refers to poly.lysine, with the number in subscript indicating the
total number of lysine units per arm — i.e. in this case, there are 50
lysine units per arm

b Represents block, and indicates that there is a distinct block of repeating
units of the first amino acid, followed by a distinct block of repeating
units of the second amino acid

PLT10 Polyityrosine, of which there are 10 units per arm, the first of which is
attached to the final lysine unit

AA Allylamine, the initiator for the linear co-polypeptide
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Figure 3.3. The structure of PPI-G2(8)-PLLso-b-PLT10, with each subgroup identified.
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Objectives

The overall objective of this Chapter was to investigate the potential of star-shaped
and linear co-polypeptide based hydrogels as an alternative cell delivery vector capable

of supporting minimally invasive delivery.

9 The first objective of this Chapter was to rheologically characterise the star-
shaped and linear co-polypeptide based hydrogels.

1 The second objective was to investigate the injectability of the hydrogel
formulation, in order to ascertain whether it would be deliverable in a clinical
setting.

9 The final objective of this Chapter was to determine if the hydrogel was capable

of supporting hMSC viability.
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3.2.Materials and Methods

3.2.1. Materials
Star-PLL-PLT and Linear-PLL-PLT polymers were synthesised by Robert Murphy in the
Translational REsearch for Nanomedical Devices (TREND) Group in RCSI. All other

chemicals were obtained from Sigma Aldrich (Ireland) unless otherwise specified.

3.2.2. Polymer synthesis
Synthesis of the Star-PLL-PLT polymer followed an NCA polymerisation reaction.
Specifically, e-carbobenzyloxy-i-lysine NCA (2.37 g, 7.74 mmol) was dissolved in 35 mL
of anhydrous chloroform (CHCl3) under a N> atmosphere in a Schlenk flask. It was
stirred in a temperature controlled oil/water bath at 0°C. G2 poly(propylene imine)
(PP1) dendrimer (14.96 mg, 1.94 x 102 mmol) was prepared in 2 mL of dry CHCls, and
quickly charged to the flask via syringe. The solution was allowed to stir for 24 h at 0°C.
Fourier Transform Infrared Spectroscopy (FT-IR) analysis was utilised to confirm
consumption of NCA monomer. A sample was taken directly via syringe to monitor the
molecular mass using gel permeation chromatography (GPC). The NCA of benzyl-i-
tyrosine (461.52 mg, 1.54 mmol) was then dissolved in 5 mL anhydrous CHCls and
charged to the flask via syringe. The solution was allowed to stir at 0°C until all of the
NCA monomer was consumed as confirmed by FT-IR. The polymer was precipitated
into excess diethyl ether and dried under vacuum in a dessicator (yield 89%). 1 g of the
polymer was dissolved in 11 mL of trifluoroacetic acid (TFA) and allowed to stir for 1 h.
5 mL of hydrogen bromide (HBr) 33% wt in acetic acid was added drop wise to the
solution in a six-fold excess with respect to the protecting groups of L-lysine and L-
tyrosine and was allowed to stir for 15 h. The polymer was precipitated twice into
diethyl ether (40 mL) and centrifuged. The TFA/diethyl ether waste was decanted and
the precipitate was washed once more with diethyl ether. The polymer was dried

under vacuum and then subsequently dissolved in deionised water. Dialysis was
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performed against deionised water for 4 days using a 10,000 MWCO membrane, with

frequent water replacement. The polymer was then lyophilised (yield 65%) (Figure 3.4).
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Figure 3.4. Schematic representing synthesis of the Star-PLL-PLT polymer using N-carboxyanhydride

(NCA) polymerisation reaction. Initiation of reaction uses G2 PPl dendrimer (shown in black) + NCA

carbobenzyloxide-L-lysine (in red) in the presence of CHCls at 0°C. The second step involves the addition of

NCA benzyl-L-tyramine (in blue) in the presence of CHClz at 0°C. The final step used TFA and HBr to de-

protect the amine or carboxylic acid functionalities.

The same general reaction was carried out to synthesise the Linear-PLL-PLT block co-

polypeptide; however, in that case it was prepared using allylamine as an initiator

(Figure 3.5).
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Figure 3.5. Schematic representing synthesis of the Linear-PLL-PLT polymer using N-carboxyanhydride
(NCA) polymerisation reaction. Initiation of reaction uses allylamine (shown in black) + NCA
carbobenzyloxide-L-lysine (in red) in the presence of CHCls at 0°C. The second step involves the addition of
NCA benzyl-L-tyramine (in blue) in the presence of CHCIs at 0°C. The final step used TFA and HBr to de-

protect the amine or carboxylic acid functionalities.

3.2.3. Hydrogel formation
Gelation was performed through the addition of deionised water to the polymer in a
glass beaker at a polymer concentration of 3 wt%. The mixture was left at room

temperature until it appeared visually that gelation had occurred.

3.2.4. Rheological testing
The rheological properties of co-polypeptide based hydrogels were assessed using an
AR-1000 cone and plate rheometer (TA Instruments, USA) under two modes, oscillatory
and flow. Investigation into whether the hydrogels exhibited a thermoresponsive
change in structure was assessed using an oscillatory temperature sweep with storage
modulus (G’) being used as an indicator of internal gel structure. Gelation was defined
at the point at which the storage modulus (G’) exceeded that of the loss modulus (G”).
A time sweep was conducted to determine whether structural changes would occur in

a time dependent manner, as were oscillatory strain sweeps (determining structure as
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a function of % strain). Finally, the hydrogel was tested under a flow procedure, to
measure viscosity as a function of shear stress. Assessments at increasing
temperatures over time employed a solvent trap to prevent dehydration of the sample.

Parameters for each rheological test are shown in Table 3.1.

Physical gelation was also observed visually (for both Star-PLL-PLT and Linear-PLL-PLT
hydrogels) via an inverted tube test [221]. If the material remained in the bottom of

the vial for thirty seconds following inversion, gelation was confirmed.

Table 3.1. Rheological characterisation parameters for testing of Star-PLL-PLT and Linear-PLL-PLT

hydrogels.

Rheological Test Temperature Frequency Shear Stress Time

Type

Oscillatory 25-45°C @ 1°C/min 1Hz 5 Pa N/a
Temperature Sweep increments
Oscillatory Time 37°C 1Hz 5 Pa 30 min
Sweep
Oscillatory Strain 25°C 1Hz 5Pa N/a
Sweep
Flow Steady State 25°C 1Hz 1-80Pa N/a

3.2.5. Gel diffusion and disintegration testing
Robustness of the Star-PLL-PLT and Linear-PLL-PLT structures was assessed by
evaluating disintegration of the gel (3 mL) over time in the presence of 1 mL phosphate
buffered saline (PBS) pH 7.2, when placed in a shaking water bath at 37°C and 75 RPM.
At each time point the PBS was removed and gel disintegration determined by

weighing the tube and determining mass loss of gel.
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The ability of compounds to diffuse through the formed gel over time was determined
by adding 1 mL of a 0.01% w/v methylene blue solution (molecular weight (MW) =
319.85 g/mol) to 5 mL gel in a falcon tube, which had previously been allowed to
equilibrate at 37°C in a thermostatically controlled water bath and shaking at 75 RPM.
A visual inspection to determine dye penetration through the gel was performed every
hour up to 4 hours, and also at 24 hours and relevant photographs taken to record

each time point.

3.2.6. SEM of lyophilised polymer samples
Lyophilised Star-PLL-PLT and Linear-PLL-PLT polymer samples were examined using
scanning electron microscopy (SEM) in order to evaluate their morphology and internal
pore size. Following lyophilisation, samples were mounted to an aluminium stub using
a carbon paste and sputter coated with gold. Imaging of the freeze dried hydrogels was
performed using Hitachi S2600N Variable Pressure Scanning Electron Microscope

(Hitachi, Tokyo, Japan).

3.2.7. Assessment of hydrogel injectability
Uniaxial compression tests were conducted to determine the force required to expel
the Star-PLL-PLT and Linear-PLL-PLT hydrogels from a 1 mL syringe. All testing was
carried out using a Zwick mechanical testing machine (2050, Zwick/Roell, Germany),
fitted with a 50 N load cell. The plunger of the syringe was attached to the load cell
using a custom-built adapter. This adapter was used to apply a constant feed-rate,

corresponding to 12 mm per 200 ulL injection, to the plunger of the syringe.

Hydrogel samples were loaded into a 1 mL luer-lok syringe (BD, Dublin, Ireland) before
injectability testing. Initially, determination of the maximum force required to expel the
solution through this space was performed. This was repeated following attachment of

a 21 G needle (BD, Dublin, Ireland) to the syringe, and finally a catheter of internal
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diameter (ID) 0.514 mm attached to the syringe. A pre-load (preliminary force) of 1 N
was applied for all tests and the end of test was determined to be the maximum
extension (12 mm); the distance equivalent to 200 uL of solution (measured using

Vernier’s callipers). The force profile per injection was recorded.

3.2.8. hMSC culture

hMSCs were isolated and cultured as previously described in Chapter 2, section 2.2.7.

3.2.9. Evaluation of encapsulated hMSC viability
hMSCs were suspended in Star-PLL-PLT and Linear-PLL-PLT hydrogels at a density of 5 x
10° cells/ mL. This was aspirated into a 3 mL syringe and 300 pL volumes were expelled
through a 21G needle to form droplets in Costar Transwell Inserts (Fisher Scientific,
Ireland) with an 8 um pore size and diameter of 6.5 mm, for insertion into 24 well
plates. 2 mL normal hMSC growth media per well was added to each well and plates

were returned to the incubator. Media was replaced every two days.

Cells were cultured in gel for 7 days and the droplets were stained with LIVE/DEAD
stain (Molecular Probes, Invitrogen, Ireland) according to the manufacturer's protocol
at 24 hours, day 3 and day 7, to assess cell viability over time. The droplets were
visualised by fluorescence microscopy using a Leica DMIL microscope (Leica
Microsystems, Switzerland). Live cells were stained green with green-fluorescent
calcein-AM and dead cells were stained red with red-fluorescent ethidium homodimer-

1.

At the same time points (24 h, day 3 and day 7), Cell Counting Kit 8 (CCK-8) assay was
performed according to the manufacturer’s instructions in order to quantify cell
viability. Briefly, 10% CCK-8 reagent was added to media in each well with cells/gel still
present, and plates were returned to the incubator for 2 h to react. Blank gel,

containing no encapsulated cells, was used as a control. 100 pL of each sample was
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plated per well, in triplicate, on a clear 96 well plate, and absorbance of the samples

was measured at 450 nm using a Varioskan Flash multimode microplate reader (Fisher

Scientific, Ireland). Percent viability was then calculated using the following equation:
o O Wi

P wQww Qo6 — p T
0 Wi 0 Wi

Equation 3.1. Equation for calculating % cell viability using a CCK-8 assay.

3.2.10. Statistical analysis
Two-way ANOVA followed by Tukey’s post-hoc analysis was used to compare forces
required to perform injections within each hydrogel group in section 3.2.8, whereas
Sidak’s test was used to compare the differences in forces between the two hydrogels.
Two-way ANOVA followed by Tukey’s post-hoc analysis was also performed to
determine statistical differences in cell/gel studies described in section 3.2.9. All tests
were performed using GraphPad Prism v6 (GraphPad Software Inc., CA, USA). Error is
reported as standard error of the mean (SE) and significance was determined using a
probability value of p < 0.05. Due to difficulty in synthesising adequate quantities of
polymer, technical repeats were performed as n=3, but experimental repeats were

performed as an n=1.
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3.3.Results

3.3.1. Rheological characterisation of Star-PLL-PLT and Linear-PLL-PLT
hydrogels

Rheological testing was performed in order to characterise the viscoelastic properties
of the Star-PLL-PLT and Linear-PLL-PLT hydrogels. As both of the polymers
spontaneously gelate at room temperature on addition of dH,0 it was presumed that
they were not thermosensitive. This was confirmed using a temperature sweep,
assessing changes in storage (G’) and loss (G”) modulus from 25-45°C, with data from
the Star-PLL-PLT hydrogel shown in Figure 3.6A. At 25°C (i.e. initiation of the test), the
material had already undergone sol-gel transition, as evidenced by the high G’
compared with G”. No change in G’ or G” was observed over the range of temperatures

tested, indicating the development of a pre-formed hydrogel.

Assessment of the Star-PLL-PLT behaviour over prolonged periods of time was
determined using a time sweep. No change in G’ or G” was observed over the time of
the test period (30 min), indicating a stable hydrogel had been formulated (Figure
3.6B).

Strain sweeps were conducted to ascertain the response of the Star-PLL-PLT to an
increasing strain. Figure 3.6C shows that on increasing strain (greater than 0.928%), the

Star-PLL-PLT hydrogel shows a rapid decrease in G’, reverting to polymer solution form.
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Figure 3.6. Rheological curves obtained using an AR-1000 rheometer (TA Instruments) assessing
viscoelastic properties of the Star-PLL-PLT hydrogel. (A) Temperature sweep, from 25-45°C, at 1 Hz and 5
Pa — gel is not thermoresponsive in nature; (B) Time sweep, from 0-30 min at 25°C, 1 Hz and 5 Pa — gel is
stable over prolonged periods of time; and (C) Strain sweep, from 0-10% strain, at 1 Hz and 5 Pa —

increasing strain leads to breakdown of gel structure.

These tests were then repeated for characterisation of the Linear-PLL-PLT hydrogel. As
with the Star-PLL-PLT hydrogel, a temperature sweep assessing changes in storage (G’)
and loss (G”) modulus from 25-45°C, found that at 25°C (i.e. initiation of the test), the

material had already undergone sol-gel transition, as evidenced by the high G’
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compared with G”. No change in G’ or G” was observed over the range of temperatures
tested, indicating the development of a pre-formed hydrogel (Figure 3.7A). Assessment
of the Linear-PLL-PLT hydrogels behaviour over prolonged periods of time was
determined using a time sweep. No change in G’ or G” was observed over the time of
the test period (30 min), indicating a stable hydrogel had been formulated (Figure
3.7B). Strain sweeps were conducted to ascertain the response of the Linear-PLL-PLT
hydrogel to an increasing strain. Figure 3.7C shows that on increasing strain (greater

than 0.234%), the Linear-PLL-PLT hydrogel shows a rapid decrease in G’.
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Figure 3.7. Rheological curves obtained using an AR-1000 rheometer (TA Instruments) assessing the

viscoelastic properties of a Linear-PLL-PLT co-polypeptide based hydrogel. (A) Temperature sweep, from
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25-45°C, at 1 Hz and 5 Pa — gel is not thermoresponsive in nature; (B) Time sweep, from 0-30 min at 25°C,
1 Hz and 5 Pa — gel is stable over prolonged periods of time; and (C) Strain sweep, from 0-10% strain, at 1

Hz and 5 Pa — increasing strain leads to breakdown of gel structure.

An inverted tube test was also utilised to confirm gelation of the polymer following
addition of the aqueous media. Physical gelation was observed visually (for both Star-
PLL-PLT and Linear-PLL-PLT hydrogels), and due to the resulting hydrogel remaining in
the bottom of the tube for thirty seconds following inversion, gelation was confirmed

(Figure 3.8).

A B

Figure 3.8. Inverted tube test of (A) Star-PLL-PLT hydrogel and (B) Linear-PLL-PLT hydrogel, following
addition of deionised water to the polymer, to form hydrogels of 3 wt%. Gels were imaged 10 mins after
addition of dH:0. Both gels remained on the bottom of the vial for 30 s following inversion, indicating

gelation had occurred.

3.3.2. Assessment of diffusion and disintegration gel properties
While the storage modulus (G’) provides an indication of internal three-dimensional
structure of the gel, it does not provide macroscopic evidence of the gel robustness.
Assessment of diffusion of a methylene blue dye through both the Star-PLL-PLT and the
Linear-PLL-PLT hydrogels showed that it takes up to 24 h before substantial diffusion

occurs (Figure 3.9A), though this appears to be to a lesser extent in the Star-PLL-PLT
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hydrogel compared with the Linear-PLL-PLT, which could suggest a greater structural

robustness of the Star-PLL-PLT hydrogel.

Disintegration studies showed that both the Star-PLL-PLT and the Linear-PLL-PLT
hydrogel disintegrated in the presence of PBS over 28 days (Figure 3.9B). However, the
Star-PLL-PLT again appears to show greater structural integrity when compared with
the Linear-PLL-PLT, as evidenced by the slower rate of disintegration (Figure 3.9B), with
approximately 25% of the Star-PLL-PLT gel remaining at day 28, versus 0% for the Lin-
PLL-PLT hydrogel.
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Figure 3.9(A). Penetration of methylene blue dye through Star-PLL-PLT hydrogel and Linear-PLL-PLT
hydrogel, at hourly time points (@ 0, 1, 2, 3, 4, 24 hours) at 37°C; (B) Gel disintegration study of star
shaped co-polypeptide hydrogel compared with linear co-polypeptide hydrogel over a 28-day period at
37°C and 75 RPM. Results are presented as average weights (n=3) and SE. Significance determined using

multiple t-tests. * = P < 0.05.
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3.3.3. Determination of Star-PLL-PLT and Linear-PLL-PLT hydrogel
ultrastructure

The morphology of the lyophilised Star-PLL-PLT and Linear-PLL-PLT hydrogels was

examined by scanning electron microscopy (SEM) (Figure 3.10). Image (A) shows the

uniform porous nature of the Star-PLL-PLT hydrogel, and image (B) shows the internal

structure of the Linear-PLL-PLT. Both hydrogels have a similar internal structure, with

large, uniform pores and a cross-linked fibrous network.

Figure 3.10. Representative scanning electron micrographs, showing internal porous structure of
lyophilised co-polypeptide hydrogel samples. Scanning electron micrographs were obtained using a Zeiss
Supra 35VP SEM microscope (Zeiss, Jena, Germany). Image A (Star-PLL-PLT) was taken at 85X
magnification and 20kV accelerating voltage, and image B (Linear-PLL-PLT) taken at 40X magnification

and 20kV accelerating voltage. Scale bar = 25 um.

3.3.4. Injectability of Star-PLL-PLT and Linear-PLL-PLT hydrogels
Administration of this type of delivery vehicle to a patient in a minimally invasive
manner is key and as such, it would likely be delivered using readily available medical
devices such as a syringe, needle or catheter. Therefore, to determine feasibility of
delivering through such devices, mechanical testing to determine the force required to

expel the formulation through them was carried out. This testing indicated that both

124



hydrogels could be injected through devices including a 1 mL syringe, 1 mL syringe plus
21G needle, and a 3 mL syringe plus catheter tubing of 0.5 m in length with an internal
diameter (ID) of 0.514 mm. This diameter corresponds to the ID of a 21G needle, which
is used commonly in clinical procedures [169] (Figure 3.11A). Forces required to push
the hydrogels through these devices fall below the average forces at which both

females and males can push (i.e. 50 N and 70 N respectively) [170,171].

This result is supported by steady state flow rheology which was utilised to determine
the viscosity of the Star-PLL-PLT and Linear-PLL-PLT hydrogels in response to a change
in shear stress (Figure 3.11B). This showed both hydrogels to possess shear thinning
properties, resulting in a rapid decrease in viscosity on application of shear stress.
Interestingly, both the Star-PLL-PLT and Linear-PLL-PLT hydrogels show high, increasing
viscosity values at the initiation of flow testing, after which point there is a sudden
drop in viscosity, which occurs more sharply in the case of the Linear-PLL-PLT. This may
indicate “plastic” rheological behaviour and the presence of a yield stress — i.e. the
material does not begin to flow until a certain value or yield stress has been reached.

The material behaves as an elastic gel under small stresses below its yield value [222].
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Figure 3.11(A). Injectability study of Star-PLL-PLT and Linear-PLL-PLT hydrogels through a 1 mL syringe, a
1 mL syringe with 21G needle attached, and a 1 mL syringe with catheter of internal diameter (ID) =
0.514 mm attached, using the Zwick-Roell. Data presented shows average forces (min is n=2, max is
n=10) and SE. Force required to expel hydrogels through catheter is significantly higher than that
required to expel through a syringe or 21G needle. **** = P<0.0001. Significantly higher max force is
required to push the Star-PLL-PLT hydrogel through the catheter than the Linear-PLL-PLT hydrogel; (B)
Steady state flow, from 1-80 Pa, for Star-PLL-PLT hydrogel, and Linear-PLL-PLT hydrogel. Gels appear to

be shear thinning in nature.
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3.3.5. Encapsulated hMSC viability
Based on injectability data from section 3.3.4, the Star-PLL-PLT and Linear-PLL-PLT
showed potential as a means of non-invasive delivery of therapeutics. One potential
therapeutic agent for which there is a significant unmet need in terms of delivery
strategies is stem cells; therefore the ability of the gels to support hMSC viability was
assessed. LIVE/DEAD staining of hMSC encapsulated in the gel indicated that cells were
not viable and displayed high levels of cell death up to day 7 when suspended in both
the Star-PLL-PLT and the Linear-PLL-PLT hydrogels (Figure 3.12A). This was determined
through fluorescent imaging, which showed very few green (or live) cells, and
predominantly red (or dead) cells. Fluorescent imagine was confirmed through
measurement of cell metabolic activity via a CCK-8 assay, which determines % viability
(Figure 3.12B). Once again, when compared with non-encapsulated hMSCs, it appears
that the majority of encapsulated cells in both hydrogels are not viable after the first

time point of 24 h.
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Figure 3.12(A). LIVE/DEAD stain results for hMSCs encapsulated within either the Star-PLL-PLT hydrogel
or the Linear-PLL-PLT hydrogel, imaged at 24 h, day 3 and day 7. Live cells are stained green, dead cells
are stained red. Scale bar, 100 um; (B) Average hMSC viability following supplementation encapsulation
of hMSCs in hydrogels for 7 days. Non-encapsulated hMSCs were used as a control. Assay was performed
using a CCK-8 viability kit. Results are presented as mean cell viability + SE (n=3). Significance determined

via two-way ANOVA, with Tukey’s post hoc test. ** = P<0.001.
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3.4.Discussion

As previously discussed in the Chapters 1 and 2 of this thesis, hydrogels are promising
candidates as scaffolds for TE and RM purposes. However, limitations associated with
existing natural and synthetic hydrogels has resulted in the need for novel, bioinspired
polymers which are capable of more accurately mimicking the extracellular matrix in
vivo [223]. In this Chapter, synthetic Star-PLL-PLT and Linear-PLL-PLT hydrogels have
been investigated in order to determine the characteristics associated with such self-
assembling, amino acid based hydrogels. Experiments performed in this Chapter also
provide a screening tool for such novel materials, in assessment of their potential
suitability for applications in either stem cell delivery, or controlled and targeted

delivery of therapeutics.

Initially, polymers were assessed for their gel forming ability, as well as their
rheological properties. This is important from a therapeutic perspective, as the gel
bolus will need to form rapidly in vivo in order to remain in place and provide
appropriate retention of cells, or controlled drug release. Both the Star-PLL-PLT and
Linear-PLL-PLT synthesised for use in this Chapter are “self-assembling”, indicating that
gelation of the polymer should occur spontaneously on coming in to contact with
aqueous media, giving a preliminary indication of suitability for in vivo use. Self-
assembly did occur for both polymers assessed here, though some minutes were
required before the polymer was fully hydrated. However when this occurred, the gels
were stable, as evidenced by the inverted tube test shown in Figure 3.8. As this process
occurred spontaneously at room temperature, it was thought that perhaps these

polymers were not thermosensitive or otherwise stimuli responsive.

Rheological characterisation confirmed that neither the Star-PLL-PLT or Linear-PLL-PLT
hydrogel were thermoresponsive, as evidenced by the initial storage modulus (G’)
exceeding the loss modulus (G”) — indicating that gelation had already occurred (Figure

3.6A and Figure 3.7A). With respect to the Star-PLL-PLT hydrogel, a slight increase in G’
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modulus could be observed as temperature increased over the duration of the test,
which may indicate a stronger gel being formed at higher temperatures, though
ultimately, this did not trigger the gelation process. The G’ associated with Linear-PLL-
PLT hydrogel did not appear to change significantly over the temperature range

assessed during the test, indicating no structural dependence on temperature.

Further oscillatory characterisation was utilised to determine the effects of exposing
the hydrogels to one specific temperature for prolonged periods of time, and the effect
that this would have on G’. Neither the Star-PLL-PLT hydrogel or the Linear-PLL-PLT
hydrogel underwent any changes in terms of G’ or G” over the course of this test,
which was conducted at 37°C. This test also gave an indication of the maximum storage
modulus of each hydrogel at 37°C, with the Star-PLL-PLT hydrogel reaching significantly
higher values than that of the Linear-PLL-PLT hydrogel (6436 Pa versus 181.5 Pa). This
would indicate a potentially greater suitability of the Star-PLL-PLT hydrogel for
therapeutic delivery purposes due to its greater internal three-dimensional structure
resulting in a more robust bolus formation in situ. This increased mechanical strength is
likely due to the star-structure allowing greater possibility for intermolecular bonding
between adjacent molecules strengthening the resulting 3D network, whereas the
linear structure would not lend itself as well for such interactions. Previous research
conducted by our group into the bonding behaviour of star-shaped co-polypeptide
based hydrogels has found this to be the case [210]. This paper describes the synthesis
and characterisation of a series of star and linear hydrogels, all containing PLL and
combined with various other amino acids including tyrosine, phenyl alanine, alanine
and valine. In such star-polypeptides, individual amphiphiles are linked to a central
core thus providing a covalent core-shell nanoparticle similar to micelles. The use of
the highly branched star architectures allows for superior intermolecular physical
interactions between the adjacent hydrophobic moieties when compared with their
linear counterparts. Examination of the conformation via spectroscopic analysis
revealed that the star macromolecular architecture appears to be governed by the

influence of the hydrophobic residues. Despite its polar phenol group in the side chain,
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tyrosine residues are relatively hydrophobic [224] thus fulfilling this requirement in this
instance. Spectroscopic analysis using FT-IR and circular dichroism (CD) in the research
carried out by our group [210] and also research carried out by Huang et al [203]
indicates that the hydrophobic residues, i.e. tyrosine moieties, form stable B-sheet
assemblies through a main chain amide bond driven hydrogen bonding [225]. In
addition to this, the phenolic hydroxyl groups render the tyrosine block more polar and
soluble, favourably tipping the amphiphilic balance and promoting self-assembly in
aqueous solution. Furthermore, the partly polar phenolic group could promote
intramolecular hydrogen bonds with water molecules or main-chain carbonyls and,

thus, contributes to the molecular interaction in the hydrogels [226].

Research into the mechanism of gelation for linear co-polypeptides carried out by
Deming et al in numerous publications found self-assembly was attributed to the
specific peptide secondary conformation. In their research, they utilised adjacent lysine
sequences which formed long fibrous networks while poly(L-leucine) residues adopted
a rigid a-helical arrangement driving spontaneous hydrogel formation in an aqueous
environment [190,227-229]. The rod-like chain conformations of the hydrophobic
segments were found to be crucial to hydrogel formation since they direct assembly
into network structures rather than spherical micelles (as is the case with star-shaped
hydrogels). Therefore, the inclusion of the hydrophobic amino acid tyrosine in the Star-
PLL-PLT and Linear-PLL-PLT structures would result in gel formation via a similar

mechanism.

Further rheological characterisation of these co-polypeptide hydrogels aimed to
determine the effect of increasing strain on the hydrogel structure (Figure 3.6C and
Figure 3.7C). Both hydrogels show a reduction in storage modulus in response to
increasing strain, with the Star-PLL-PLT hydrogel appearing to revert to polymer
solution form on experiencing strains greater than 0.928%, whereas the Linear-PLL-PLT
reverts to polymer solution form on strains greater than 0.234%. The slightly improved

resistance to strain observed with the Star-PLL-PLT hydrogel versus the Linear-PLL-PLT
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hydrogel can likely be attributed to the superior intermolecular physical attractions
associated with the higher degree of branching — however, these are still relatively

weak forces so would not require significantly higher strain application to break them.

As previously discussed current medical device technology in applications such as
cardiac and lung regeneration is focused on the use of novel catheter devices as a
minimally invasive method of accessing damaged tissue. With translatability of these
hydrogel formulations in mind, we assessed the potential for syringing of the hydrogel
in terms of force required for the gel to be expelled. Injectability testing showed that it
was possible for the hydrogels to be passed through a range of common clinical devices
including a 1 mL syringe, 1 mL syringe plus 21G needle, and a 1 mL syringe plus 0.5 m
catheter (Figure 3.11A). Results confirmed that both the Star-PLL-PLT and Linear-PLL-
PLT hydrogel formulations could be pushed through all three devices. Forces required
fall below the average at which both males and females can push (pinch test) [170].
This result is supported by rheological flow viscosity testing for both hydrogels, which
shows the gels have shear thinning properties, resulting in a rapid decrease in viscosity
on application of shear stress (Figure 3.11B). However, reverse flow testing to
determine whether the materials regained their structure following shear thinning was
not examined due to material synthesis constraints, though this would be a useful
study to carry out in future work — on a visual inspection however, the Star-PLL-PLT did
appear to have maintained its gel structure, whereas the Linear-PLL-PLT had reverted

to polymer solution form.

While the storage modulus provides an indication of internal three-dimensional
structure, it does not provide macroscopic evidence of the gel robustness. This is a key
distinction to make, as some gels may reach very high storage moduli but despite this,
have a tendency to dissociate within a relatively short period of time (e.g. Pluronics®,
which have been discussed with respect to this phenomenon in section 2.4 [148]). In
this study, assessment of diffusion of a methylene blue dye through both the Star-PLL-

PLT and Linear-PLL-PLT hydrogels showed the dye readily penetrates through the
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structures, with full diffusion through the depth observed by 24 h for the Linear-PLL-
PLT, though some dye free gel remained at 24 h for Star-PLL-PLT (Figure 3.9A).
Disintegration studies showed that the Linear-PLL-PLT hydrogel disintegrated more
rapidly in the presence of PBS than the Star-PLL-PLT hydrogel, which appeared to be
more robust with 24.4% of the Star-PLL-PLT remaining at 28 days (Figure 3.9B). The dye
penetration and gel disintegration investigations are intended to support each other,
with the disintegration study allowing for quantification of mass lost as a result of gel
breakdown; while the methylene blue dye test indicates the degree of diffusion
through the gel in the first 24 hours while the gel still retains its structural integrity.
These results in combination suggest that while the Linear-PLL-PLT hydrogel is not
sufficiently robust in nature or capable of resisting degradation in the presence of a
physiologically compatible buffer system, the Star-PLL-PLT hydrogel appears to
demonstrate improved structural integrity. Injectability data, dye diffusion, and
disintegration testing results of the Star-PLL-PLT hydrogel all point towards a
mechanically superior formulation, which has the potential to be easy delivered in a
minimally invasive manner, while remaining as a durable gel bolus in situ for the

delivery of therapeutic agents.

Assessment of hMSC viability following suspension within both the Star-PLL-PLT and
Linear-PLL-PLT hydrogels showed a lack of biocompatibility from 24 h onwards in
culture, as assessed by LIVE/DEAD staining and a CCK-8 viability assay (Figure 3.12).
LIVE/DEAD staining shows a large proportion of red (dead) cells from 24 h onwards in
both hydrogels, with very few green (live) cells present. This is confirmed with the CCK-
8 viability assay which shows no viable cells present in the Linear-PLL-PLT hydrogel
from 24 h onwards, indicating hydrogel toxicity compared with hMSCs alone, and a
34.48% viability at 24 h for hMSCs encapsulated in the Star-PLL-PLT hydrogel. This
drops to 8.22% viability at day 3 and finally 0% viability at day 7. Viability at all time
points for both gels falls significantly below the ISO guidelines for cytotoxicity in vitro,

for which the minimum acceptable viability is 80% [230].
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As previously mentioned such star-shaped polymers are novel and very little has been
published on similar macromolecules to date — and what has, has been limited to
synthesis and physicochemical characterisation. To the best of our knowledge, there
have been no reports of previous suspension of cells (of any type) in star-shaped or
linear co-polypeptide based hydrogels and their subsequent assessment as a cell
delivery vector. A previous literature review on the topic of dendrimers and their
future directions stated that they were not originally intended for applications in the
pharmaceutical or biomedical field, and as such toxicity assessment was not initially of
concern [231]. Indeed, the same review states that the number of studies evaluating
biological properties of dendrimers is growing, but still more than 75% of the papers
published describe purely synthetic chemistry (new concepts) or non-biological
applications of dendritic systems. Therefore it is difficult to find appropriate
comparisons in the literature to our own cytocompatibility studies. However, some
rationalisation can be made based on the star-shaped and linear co-polypeptide
chemical structures. Previous research into cytotoxicity of dendrimers has found a lack
of biocompatibility and as a dendrimer (i.e. PPl in this instance) provides the central
core for the Star-PLL-PLT hydrogel investigated in this Chapter, these toxicity issues
may still be a cause for concern with such molecules. A review article published by Jain
et al summarises the key issues associated with dendrimer toxicity [232]. This inherent
toxicity is due to the presence of terminal -NH, groups and surface cationic charge
present in molecules such as PPI, PLL and polyamidoamine (PAMAM) [233—-235]. The
presence of a cationic charge results in an interaction with negatively charged
biological membranes in vitro and in vivo. This causes membrane disruption via
nanohole formation, membrane thinning and erosion [236,237]. This toxicity appears
to be related to core generation, with higher generation dendrimers generally being
associated with higher toxicity [231,238]. Toxicity has also been postulated to be
concentration dependant, with a number of publications indicating that an increased
concentration results in increased toxicity [231,239]. This effect has also been

identified by researchers in our group, with similar unpublished findings in relation to
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star-shaped polypeptides as nanocarriers. Biocompatibility studies in this thesis may
have presented an unusually high local concentration of polymer to hMSCs given that
cells were encapsulated within the hydrogel, thus potentially overwhelming cells and

increasing toxic effects.

One potential approach to reducing the amine termination associated toxicity is to
modify the terminal -NH> groups of dendrimers with neutral or anionic moieties (in the
literature, often through PEGylation) — which is the case with respect to these star-
shaped and linear co-polypeptides, where the -NH; groups is linked to amino acids i.e.
lysine and tyrosine blocks. It is possible that not all of the initiator (PPI or allylamine)
was consumed in the NCA reactions, resulting in the presence of some toxic residues
remaining — however FT-IR was performed to confirm consumption of the initiator, and
indicated that this was not the case (Appendix 1.1 and 1.2). Thus the presence of these
cytotoxic units may be as a result of degradation of the co-polypeptides. As previously
mentioned in the introduction of this Chapter, degradation of such polypeptide based
hydrogels would be expected to occur over time due to the nature of peptide bonds
[205]. Degradation studies and subsequent characterisation of the degradation
products was not in the scope of this Chapter and thus was not performed, but this

may prove useful in ascertaining the origin of the significant polymer toxicity.

A second possible hypothesis regarding the toxicity of the Star-PLL-PLT and Linear-PLL-
PLT hydrogels may be the modification of the dendrimer core through the addition of
amino acids. It has been suggested in the literature that this may improve the
cytocompatibility of such polymers [205,232] but conversely has also been suggested
to increase their toxicity based on the choice amino acid used in the branched arms.
The use of poly-i-lysine (PLL) in these polypeptides could be called into question as PLL
has been shown to be toxic in numerous previous studies. Research conducted by
Symonds et al [240] found that both low and high molecular weight PLL resulted in
cellular toxicity through initiating mitochondrially mediated apoptosis in three different

cell types: Jurkat T cells, THLE-3 hepatocyte like cells, and hUVECs. Research published
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by Kadlecova et al [241] compared cytotoxicity of linear, dendritic and hyper-branched
PLL variants, and found linear PLL was significantly more toxic than dendritic or hyper-
branched PLL. In this Chapter, Linear-PLL-PLT has been shown to be more toxic than
Star-PLL-PLT, confirming the results reported by Kadlecova et al and indicating that
modifications from a linear to star architecture may result in reduced observed toxicity.
Further possible structural modification to remove the PLL blocks and replace with an
alternative amino acid such as poly-i-arginine (which has been thought to exhibit less

toxicity than PLL [242]), may help to reduce cytotoxicity of these polymers.
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3.5.Conclusion

Disadvantages associated with current synthetic polymer-based hydrogels, has resulted
in a need for novel, advanced polymers capable of circumventing these issues. A
promising class of materials is that of synthetic hydrogels obtained by self-assembly of
amphiphilic polypeptides. In this Chapter, we have investigated the physicochemical
properties of Star-PLL-PLT and Linear-PLL-PLT hydrogels, and also their ability to sustain
viability of h(MSCs when encapsulated within the hydrogels.

Rheological characterisation highlighted some promising features of the Star-PLL-PLT
compared with the Linear-PLL-PLT hydrogel, particularly with respect to the high
storage modulus obtained. This could indicate suitability of the Star-PLL-PLT in
therapeutic delivery and TE applications, where high mechanical strength is required.
Supporting this are results from methylene blue penetration assays and gel
disintegration studies, both of which indicated improved mechanical strength of the
Star-PLL-PLT compared with the Linear-PLL-PLT, due to reduced diffusion of dye
throughout and slower disintegration of the hydrogel. Injectability testing combined
with flow rheology showed both the Star-PLL-PLT and Linear-PLL-PLT hydrogel to have
some potential for use in minimally invasive therapeutic delivery as low forces were

required to push the gels through a syringe, needle and catheter.

An area in which novel hydrogels are urgently needed is in cell delivery. Neither the
Star-PLL-PLT hydrogel nor the Linear-PLL-PLT hydrogel were able to support viability of
encapsulated hMSCs. Their observed toxicity could be due to issues such as
degradation of the polymer and toxicity of the associated degradation products, the
presence of toxic side chains such as poly-i-lysine (PLL), or the presence of toxic by-
products of the synthesis reaction. While these materials do not appear to be suitable
for cell delivery applications, with additional structural modification they could offer

potential for delivery of other therapeutic molecules.
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4. Chapter 4: A site-specific delivery platform for all-trans

Retinoic Acid (atRA) in pulmonary regeneration applications
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4.1.Introduction

As previously highlighted, current therapeutic approaches to COPD are inadequate
emphasising the importance of emerging novel technologies and alternative methods
to address this unmet clinical need. The possibility of utilising a regenerative approach
in the treatment of chronic lung disease has been considered from two broad strategic
viewpoints. First is the use of extrinsic cell therapy, in particular the use of autologous
adult MSCs, which has previously been discussed in Chapters 1 and 2. A second
approach is the utilisation of pharmacologically active molecules to induce lung
regeneration through actions on an intrinsic population of cells [17]. These include
signalling molecules and growth factors, of which a variety of molecules of interest

have been identified [82,243-245].

One particular small molecule of interest in the treatment of COPD is all trans Retinoic
Acid (atRA) which, as discussed in Chapter 1 (section 1.3.2.4) of this thesis, has the
potential to target multiple pathologies associated with COPD. atRA belongs to the
retinoid family of compounds, which are obtained from the diet. On acquisition of
retinol (a fat soluble vitamin), it circulates bound to retinol binding protein and
transfers to cellular retinol binding proteins upon entry into cells. Retinol is either
esterified with fatty acids intracellularly and stored in lipid droplets, or if it is needed
immediately, retinol is converted to retinoic acid (RA) through irreversible oxidation
[92]. RA binds to retinoic acid receptors (RAR) or retinoid-X receptors (RXR), which are
nuclear proteins that form stable complexes with DNA elements in RA-responsive
genes, called retinoic acid responsive elements (RARE) [246]. The terpene side chain of
RA can form several stereocisomers including all-trans, 9-cis and 13-cis RA. RARs bind
atRA or 9-cis RA, whereas RXRs exclusively bind 9-cis RA. After ligand binding, one RAR
and one RXR molecule form a stable heterodimer that binds with high affinity to a

RARE. Once bound, the RAR—RXR heterodimer engages other factors, including histone
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deacetylases that act as co-activators of the basic transcriptional machinery (Figure 4.1)

[92].
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Figure 4.1. Control of gene expression by retinoic acid. RAR-RXR heterodimers serve as the nuclear
receptors for retinoic acid. When RAR ligands (e.g., atRA) are not available, the RAR-RXR heterodimers
attract co-repressors and histone acetyl deacetylases to the genes which are under the control of retinoic
acid response elements (RARE), resulting in a closed conformation of the chromosome and blocked
transcription. When RAR ligands are available in a tissue microenvironment, they would enter into T cells
and activate RAR-RXR heterodimers. This is followed by the release of co-repressors and attraction of co-
activators, which, in turn, recruit histone acetyl transferases, resulting in an open conformation of the

chromosome and transcription of the genes. Adapted from [247].
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atRA is a yellow to light-orange crystalline powder (structure shown in Figure 4.2A). It is
hydrophobic in nature, with a poor water solubility of <0.1 g/100 mL (practically
insoluble), though it is soluble in DMSO and slightly soluble in ethanol. It is labile to
heat (melting point = 179°C [111]), light and oxygen-mediated degradation [112],
presenting a challenge for use in a primarily hydrophilic biological environment. In
order to overcome the hydrophobic nature of atRA, we aimed to encapsulate it in solid
lipid nanoparticles (SLNs). SLNs are sub-micron sized particles made from
biocompatible lipids that are solid at room and body temperature. SLNs are then
coated with a layer of emulsifier molecules (Figure 4.2B) to facilitate their formation

and enhance their long-term stability [113].
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Figure 4.2(A). Chemical structure of all trans Retinoic Acid (atRA); (B) General structure of solid lipid
nanoparticles (SLNs). SLNs are composed of a biocompatible solid lipid core encapsulating the lipophilic

drug, coated with a layer of surfactants.

SLNs were introduced in 1991 as an alternative carrier system to traditional colloidal
carriers such as emulsions, liposomes and polymeric micro- and nanoparticles [248].
The lipid matrix employed in lipid nanoparticles is usually a physiological lipid
(biocompatible and biodegradable) with negligible toxicity [249]. Lipids used in the
formulation of SLNs include triglycerides (such as trilaurin, trimyristin, and tripalmitin),
and hard fats (such as Witepsol W35, H35 and H42, glyceryl benehate (Compritol 888
ATO) and glyceryl palmitostearate (Precirol ATO 5), and steric acid). Surfactants used in

formulations include soybean lecithin (Lipoid S75), phosphatidylcholine, poloxamers
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188, 182 and 407, and the polysorbates (20, 60 and 80) [250]. The choice of which lipid
and which surfactant to use depends on the drug/therapeutic to be encapsulated and

also on the route of administration required.

There are numerous advantages associated with the use of SLNs. These include low
toxicity compared to polymeric particles due to their consisting of physiological lipids,
and also the ability to encapsulate lipophilic drugs in their lipid core (as well as
hydrophilic molecules) [251]. In addition to this, they have the ability to control and
localise the release of the active drug [248], and it has also been reported that
nanoparticles (120-200 nm) rarely undergo blood clearance by the reticuloendothelial
system, allowing them to remain in situ for extended periods [252]. Furthermore,
sufficient drug loading, long-term shelf stability [250], and easy large-scale production

are advantageous [253].

To date, a large number of drugs with a great variety in lipophilicity and general
structure have been studied with regard to their incorporation into SLNs [248,251,254—
262]. A range of routes of administration for which such SLNs might be delivered have
also been investigated, including oral [263], topical [264,265], pulmonary [266] and
intravenous [260]. As part of this PhD research, we aim to investigate the utility of SLNs
in encapsulating atRA, for suspension within our selected hydrogel formulation and
subsequent loco-regional delivery as a potential anti-inflammatory pro-regenerative
therapeutic to the distal airways. This represents an innovative use for SLNs compared
with their historical application as vectors for inhaled delivery. atRA has previously
been encapsulated within SLNs; however, applications have centred around the
transdermal route [264,265] due to the well-recognised effects of Vitamin A on
maintaining and restoring skin health in conditions such as acne, dermatitis and skin
aging [267]. atRA has also been widely investigated in SLN formulations for its
proposed anti-cancer activity [268—270]. However, to the best of our knowledge, atRA

has never been encapsulated in SLNs for delivery to cells to elicit an anti-inflammatory
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effect in COPD — and this is the strategy we aim to investigate over the course of this

research.

In the current work, we demonstrate the development of atRA loaded SLNs, from initial
selection of biocompatible excipients to the formulation process, post-formulation
physicochemical characterisation and process optimisation. atRA SLNs were
investigated for their in vitro biocompatibility on a lung epithelial cell line (A549s), and
were subsequently suspended in Respiragel for further physicochemical and in vitro
characterisation. atRA SLNs represent a promising small molecule delivery mechanism,
which offers potential as a lung regeneration therapy. Additionally, the option to
replace atRA with an alternative small molecule, growth factor or lipophilic drug
remains, rendering this delivery system highly tuneable for practically any biological
application of interest, thus offering immense potential for advancing drug delivery

systems.
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Objectives

The overall objective of this Chapter was to investigate the potential of solid lipid
nanoparticles in encapsulating the lipophilic signalling molecule all-trans Retinoic Acid

(atRA).

9 The first objective of this Chapter was to develop a suitable SLN formulation
composed of biocompatible excipients, capable of encapsulating atRA.

1 The second objective was to determine the physicochemical characteristics of
the formulated atRA-loaded SLNs, in terms of particle size, zeta potential,
polydispersity index, drug encapsulation efficiency and drug release profile.

9 The third objective was to determine the biocompatibility of atRA-loaded SLNs
on a lung epithelial cell line (A549s).

1 The final objective of this Chapter was to investigate whether the atRA-loaded
SLNs could be suspended in Respiragel, to determine the subsequent
rheological properties of this gel and to ascertain the release properties of atRA

from the SLN-loaded gel.
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4.2.Materials and Methods

4.2.1. Materials

Compritol® 888 ATO was generously donated by Gattefossé (France). Poloxamer 188
was purchased from BASF (Ludwigshafen, Germany). For HPLC analysis, all chemicals
(methanol, acetonitrile, acetic acid and water) were of analytical grade, and were
purchased from Sigma-Aldrich (Ireland). The A549 cell line was purchased from the
American Type Culture Collection (ATCC, Virginia, USA). Retinoic acid, Tween® 80,
dimethyl sulfoxide (DMSO), Cell Counting Kit 8 (CCK-8), and Dulbecco’s Modified Eagles
Medium/Nutrient Mixture F12 (DMEM/F12) media were also purchased from Sigma
Aldrich (Ireland).

4.2.2. Formulation and process optimisation of blank and atRA loaded SLNs
Initial batches of SLNs were prepared using a solid lipid, Compritol® 888 ATO, and a
surfactant, poloxamer 188. Preliminary characterisation of these SLNs indicated a
larger particle size than desired. As a result, a second surfactant, Tween® 80, was
included in the formulation. Modifications were also made to the concentrations of
lipid and surfactants used. Preliminary batches of SLNs prepared are detailed in Table
4.1. Following optimisation of the blank formulation, atRA was added in at a

concentration of 1% w/w of the lipid core, and batches were reassessed.
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Table 4.1. Batches of SLNs prepared, detailing composition in terms of lipid, surfactant(s) and drug concentrations, and modifications in the process

parameters, i.e. homogenisation time (HT) and sonication time (ST). Cells highlighted in blue indicate change made at each subsequent batch.

1 7.5 2.5 - 15 4 x 5 min cycles
2 7.5 1.5 1.5 15 4 x 5 min cycles
3 7 1.5 1.5 15 4 x 5 min cycles
4 7 1 1 15 4 x 5 min cycles
5 5 1 1 15 4 x 5 min cycles
6 5 1 1 15 4 x 5 min cycles
7 5 1 1 10 4 x 5 min cycles
8 5 1 1 10 3 x 5 min cycles
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All SLNs prepared in this study were formulated via the emulsification-ultrasonication
method (as shown in Figure 4.3) [251]. Briefly, the solid lipid, Compritol® 888 ATO, was
accurately weighed and heated to above its melting point (i.e. 85°C). The aqueous
surfactant phase, comprising deionised water (dH,0), Poloxamer 188 and Tween® 80
was also heated to 85°C. When both the lipid phase and aqueous phase had reached
the desired temperature, the lipid phase was dispersed through the aqueous phase.
This was homogenised at 15,000 RPM (UltraTurrax Y25, IKA® WERKE GMBH, Germany)
to form a coarse pre-emulsion. Initial batches were homogenised for 15 min, but this
was subsequently reduced to 10 min following characterisation and comparison of
batches. The obtained emulsion was ultrasonicated using a probe sonicator (Branson
SLPt) at 70W. Initial batches were sonicated for 4 x 5 min cycles. Optimisation of the
process resulted in a reduction in this time to 3 x 5 min cycles (Table 4.1).
Homogenisation and sonication steps were carried out at 85°C. The resulting nano-

emulsion was cooled down in an ice bath to produce a nanoparticle dispersion.

For atRA SLNs, the drug (MW = 300.44 g/mol) was separately dissolved in dimethyl
sulfoxide (DMSO) prior to addition to the molten lipid phase, with all subsequent steps
remaining as for blank SLNs. atRA SLNs were prepared covered in tinfoil due to the light

sensitivity of the drug.

Nanoparticles were then suspended in ultrapure water containing 5% w/v glucose as
cryoprotectant, and were stored at -80°C overnight. Frozen SLNs were lyophilised in a
Labconco FreeZone Freeze Dryer and vacuum pump, at 0.023 mbar and -50°C for 48
hours. Formulated blank SLNs had a MW of 9584.67 g/mol, and atRA SLNs had a MW of
9885.1 g/mol.
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Figure 4.3. Schematic representation of SLN preparation by the emulsification-ultrasonication method.
Compritol® 888 ATO is first heated to 85°C with or without atRA (depending on drug loaded or blank
SLNs), as is the aqueous surfactant phase, composed of dH:0, poloxamer 188 and Tween® 80. The oil
phase is then transferred to the water phase, and homogenised at 15,000 RPM for a defined period of
time (Table 4.1). This is then subjected to sonication cycles at 70 W power (Table 4.1). The resultant
nano-emulsion is cooled at 4°C, mixed with glucose 5% w/v as cryoprotectant, frozen at -80°C and

lyophilised.

4.2.3. Physicochemical characterisation of SLNs

a ﬁ
The average particle size distribution (Z-average size) and polydispersity index (PDI)
were measured by dynamic light scattering photon correlation spectroscopy (PCS)
using a Zetasizer Nano ZS (Malvern Instruments, UK) at 25°C, under a fixed angle of
173° in folded capillary cells. The measurements were obtained using a 4mW He-Ne
laser operating at a wavelength of 633 nm, combined with DTS Software (v7.10).

Lyophilised SLN powder was accurately weighed and dispersed in ultrapure water at a
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concentration of 2 mg/mL. Measurements were performed in triplicate for three

batches of nanoparticles and results are the average of three measurements.

Optimized atRA and blank SLNs were also analysed via nanoparticle tracking analysis
(NTA) utilizing a Nanosight NS300 (Malvern, UK). Samples were prepared as previously
described as a 2 mg/mL suspension in ultrapure water. Samples were loaded into a
laser module (488 nm) sample chamber containing thermoelectric Peltier elements
which allowed for temperature control at 22°C. Real time video analysis of the
nanoparticles was recorded via an in-built sCMOS camera with computer controlled
motorized focus. Measurements were performed in triplicate for three batches of
nanoparticles, and results are reported as a mean particle size  standard deviation
(nm). To prevent sample crossover, the laser module was flushed with ultrapure water
between each sample until no visual nano-particulate matter could be observed via the

sCMOS camera system.

a 1
The average zeta potential (ZP) of SLN suspensions was determined by the
measurement of the electrophoretic mobility using a Malvern Zetasizer Nano ZS
(Malvern Instruments, UK). Prior to the measurement, lyophilised SLN powder was
weighed and dispersed in ultrapure water at a concentration of 2 mg/mL.
Measurements were performed in triplicate for three batches of nanoparticles and

results are the average of three measurements.

4.2.4, Transmission electron microscopy (TEM)
Shape and surface morphology of SLNs were examined by transmission electron
microscopy (TEM), using a Hitachi H-7650 TEM (Hitachi High Technologies, Berkshire,
UK) operating at 100kV. Lyophilised atRA-SLNs were weighed and dispersed in

ultrapure water at a concentration of 1 mg/mL. A 5 pl drop of this suspension was
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placed on a Silicon Monoxide/Formvar-coated copper grid (Mason Technologies,
Ireland) for 1 minute after which excess sample was absorbed by filter paper. Staining
was then performed with a solution of 1% uranyl acetate (negative stain) or 1%
osmium tetraoxide (positive stain). Excess stain solution was absorbed by filter paper

and the grids were air-dried prior to imaging.

4.2.5. High Performance Liquid Chromatography for the detection of atRA in
SLNs

HPLC analysis of atRA encapsulated in SLNs was performed using an Agilent
Technologies 1120 Compact LC with a Kinetex 5u C18 100A (250 x 4.6mm) column
(Phenomenex, USA). The mobile phase used in the analysis consisted of methanol :
acetonitrile : water : acetic acid (8:1:1:0.05) and was set to a flow rate of 1 mL/min, as
adapted from Cirpanli et al. [271], with UV detection carried out at 356 nm. Blank SLNs
and a 1 pg/mL atRA solution were used as negative and positive controls respectively in
HPLC analysis. The concentration of atRA in each sample was determined using an atRA
calibration curve which was constructed ranging from 0.3125 pg/mL to 10 pg/mL
(Appendix 2.1). A new set of standards and resulting standard curve was prepared for

each new batch of atRA used in the SLN formulation.

4.2.6. Determination of nanoparticle yield, drug loading and encapsulation
efficiency of atRA SLNs

The SLN vyield was calculated gravimetrically from the weight of SLNs collected post

lyophilisation versus the starting quantities of the lipid, surfactants and drug using the

following equation:
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Equation 4.1. Equation used for determining % SLN particle yield post lyophilisation.

In order to extract the entrapped drug from the SLNs, lipid disruption was performed
by dissolving 20 mg of atRA SLNs in 10 mL methanol, followed by vortexing for 5 min.
The resulting suspension was filtered through a 0.45 um PTFE filter (Agilent, Ireland) to
remove any residual lipid and non-dissolved drug crystals. The filtrate was then
transferred to amber glass vials (Agilent, Ireland) for detection by HPLC. The drug

loading (DL) and encapsulation efficiency (EE) were determined using the following

equations:
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Equation 4.2(A). Equation used for determining % SLN drug loading post lyophilisation, and (B) Equation

used for determining % atRA encapsulation within SLNs post lyophilisation.

4.2.7. atRA Release from SLNs using the Float-A-Lyzer® method
Release studies were performed using a Spectra/Por® Float-A-Lyzer® G2 device with a

molecular weight cut off (MWCO) of 300 kD. Float-A-Lyzer® devices were first washed
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with 10% v/v ethanol, followed by ultrapure water according to the manufacturer’s
protocol. 20 mg lyophilised atRA loaded SLN powder was weighed and suspended in 1
mL ultrapure water, before being transferred to the internal compartment of the Float-
A-Lyzer®. The outer receptor compartment was filled with 5 mL of a phosphate
buffered saline/ethanol/Tween® 80 release medium (8:1:1) (pH 7.4), modified from
[272]. As aqueous solubility of atRA is very low, 10% w/v Tween® 80 was added to
maintain sink conditions. The Float-A-Lyzer® was gently placed into the receptor fluid
container, and was sealed using parafilm. This was then transferred into a 50 mL falcon
tube which was covered in tin foil to protect from light. Finally, this tube was placed
into a thermostatically controlled shaking water bath, at 37°C and 75 RPM. Samples
were taken at 30 min, then hourly up to 8 hours for the first day, followed by daily to
day 7, with final time points at day 10 and day 14. The 5 mL receptor fluid was removed
and replaced at each time point. Samples were subsequently analysed by HPLC using
the method described in 4.2.5 and concentration of drug present calculated using the

atRA calibration curve (Appendix 2.1).

4.2.8. Stability testing of blank and atRA loaded SLNs
Physical stability of blank and atRA SLNs was examined by monitoring of size, zeta
potential and polydispersity index changes over a period of 3 months (Table 4.2). Blank
and atRA SLNs were stored under three separate temperature conditions: -20°C, 4°C
and 20°C, with atRA SLNs being protected from light. Z-ave, ZP and PDI of SLNs stored
at each temperature were measured as previously described in sections 4.2.3.1 and
4.2.3.2. Stability of atRA loaded into SLNs was also examined by monitoring
encapsulation efficiency changes over a period of 3 months. EE of SLNs stored at each

temperature was measured as previously described in section 4.2.5.
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Table 4.2. Stability study testing performed on blank and atRA loaded SLNs at day 1, day 7, day 28, day
56 and day 84 post formulation. SLNs were evaluated for size (using both the Zetasizer Nano ZS ("Z" in
Table 4.2) and the Nanosight NS300 ("N" in Table 4.2), zeta potential (ZP) and encapsulation efficiency

(EE), using methods previously described.

Blank SLNs (all temperatures) atRA SLNs (all temperatures)

Size (Z) Size (N)  zP EE  Size(Z) Size(N)  ZP EE

Dayl v v v x v v v v

Day7 v v v x v v v v

Day v v v x v v v v
28

Day Vv Vv v x v v v v
56

Day Vv v v x v v v v
84

4.2.9. A549 culture
A549 cells are a human respiratory cell line, often used in cell culture as a model for
ATIl cells — and as such were selected for use in this study [273]. A549 cells were
obtained from the ATCC (catalogue no. CCL-185) and maintained in DMEM/Ham’s F12
medium (Sigma Aldrich, Ireland) supplemented with 10% fetal bovine serum (FBS), and
1% penicillin/streptomycin (Labtech, UK), at 37°C and in a 5% CO; atmosphere. The
cells were plated in T175 (Sarstedt, Ireland) cell culture flasks and subcultured before
reaching confluency using a 0.1% trypsin solution in EDTA (Sigma). The culture medium
was changed every two days. The cells were split 1:5 during each passage. The

passages used for the following experiments were 80-90.
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4.2.10. Evaluation of A549 viability following supplementation with atRA SLNs
A549 cells were cultured as described in section 4.2.9, and underwent expansion and
three passages prior to seeding in experiments. Cells were then seeded in 24 well flat-
bottom adherent plates (2 x 10* cells/ well in 0.5 mL DMEM/F12 media) and incubated
for 24 h. After 24 h, media was removed from wells and cells were washed three times
with PBS (Sigma Aldrich, Ireland). atRA SLNs were then suspended in media at two
different concentrations (SLNs containing atRA equivalent to 5 pg/mL and 10 pg/mL)
and pipetted gently onto cells. Non-encapsulated atRA at a concentration of 10 ug/mL
in media was used as a control, as were blank SLNs (equal to the weight of 10 pg/mL
atRA SLNs used), and media alone. After 4, 24, 48 and 72 h incubation, media was
removed from wells and cells were washed three times with PBS, before performing a
Cell Counting Kit 8 (CCK-8) assay according to the manufacturer’s instructions. Briefly,
media + 10% CCK-8 reagent was added to each well, and plates were returned to the
incubator for 2 h to react. 100 uL of each sample was plated per well, in triplicate, on a
clear 96 well plate, and absorbance of the samples was measured at 450 nm using a

microplate reader. Cell viability was then calculated using the following equation:

P ‘(“) (,I)i 6(1){
P wQww Q026w S pTT
0 Wi 0 Wi

Equation 4.3. Equation used for determining % viability of A549s following supplementation with either raw atRA,

atRA SLNs or blank SLNs.

4.2.11. Preparation of atRA-SLN loaded Respiragel
atRA SLNs were incorporated into the hydrogel as an additional step in the hydrogel
formulation protocol (detailed in sections 2.2.2 and 2.2.3). SLNs were added in to the

hydrogel following rehydration of the polymer wafer in BGP and pH adjustment. atRA
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SLNs were weighed and added to the hydrogel under gentle stirring, to give a

concentration of 10 pug atRA/mL gel.

2 mbpgpbORR -8
B
Testing was performed using an AR-1000 Rheometer (TA Instruments), as detailed in
section 2.2.4, by way of temperature sweeps (25 — 40°C) and time sweeps (at 37°C for
30 min). Samples were tested under an oscillatory shear procedure, at 1 Hz and 5 Pa.
Following this, polymer dispersions were also subjected to a flow procedure, to
measure viscosity as a function of shear stress (1 — 80 Pa, at 25°C). Each test was
performed in triplicate, and on three distinctly separate atRA-hydrogels to ensure

reproducibility of results.

2 S I’ -B
Lyophilised atRA-SLN Respiragel samples were examined using scanning electron
microscopy (SEM) in order to evaluate their architecture and internal pore size.
Following lyophilisation, samples were mounted to an aluminium stub using a carbon
paste and sputter coated with gold. Imaging of the wafers and hydrogels was

performed using a Zeiss Supra 35VP SEM microscope (Zeiss, Jena, Germany).

a B -B -A-®
A
Release studies were performed using a Spectra/Por® Float-A-Lyzer® G2 device with a
molecular weight cut off (MWCO) of 300 kD, as described in section 4.2.7. atRA SLN
loaded hydrogel (1 mL) was transferred to the internal compartment of the Float-A-
Lyzer®. Blank SLNs and blank hydrogel were used as controls. All subsequent apparatus

set up and sampling was as previously described. Samples were analysed by HPLC using
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the method described in 4.2.5 and concentration of drug present calculated using the

atRA calibration curve (Appendix 2.1).

4.2.12. Statistical analysis
Two-way ANOVA followed by Bonferroni post-hoc analysis was performed to
determine statistical differences in SLN/A549 viability studies described in section
4.2.10. All statistical tests were performed using GraphPad Prism v6 (GraphPad
Software Inc., CA, USA). Error is reported as standard deviation (SD) for particle size
data, and standard error of the mean (SE) elsewhere. Significance was determined
using a probability value of P<0.05. A minimum of n=3 independent replicates was

performed for all experiments.
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4.3.Results

4.3.1. Physicochemical characterisation of atRA and blank SLNs

3 K
Optimisation of the protocol for formulation of SLNs was required to achieve the
preferred particle size (Z-ave), polydispersity index (PDI) and zeta potential (ZP). Initial
formulations of blank SLNs contained Compritol® 888 ATO and poloxamer 188 only.
Assessment of these particles showed a larger particle size than desired, coupled with a
high PDI, indicating poor homogeneity of the nanoparticle suspension. Subsequent
formulations introduced a second surfactant, Tween® 80, due to findings in the
literature suggesting the combination of two surfactants results in smaller particle size

[261] (Table 4.1).

In addition to these formulation changes, process variables were also modified, such as
homogenisation time (HT) and sonication time (ST). Previous literature showed that HT
did not have an effect on Z-ave, PDI and ZP [251], which is most likely due to the fact
that the homogenisation step serves to ensure emulsification of the lipid in the
aqueous phase, rather than affecting nanoparticle parameters. As a result of this, and
our own findings, HT was reduced from an initial duration of 15 min to a final duration

of 10 min.

ST, on the other hand, has a significant effect on Z-ave and PDI, as this is the step
where nanoparticle size is determined. It was previously found that an increase in ST to
as much as 10 min leads to a smaller Z-ave and PDI [251]. Based on this, initial
formulation attempts in this study trialled STs of 20 min and 15 min for comparative
purposes. The results from Table 4.3 show similar nanoparticle characteristics for both
durations, leading to the 15 min step being selected for future formulations. On
achieving consistent Z-ave, ZP and PDI values, atRA was added in to the formulation

and particles were re-assessed (Table 4.3; Figure 4.4).
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Table 4.3. Formulation and process optimisation and its effect on Z-ave, ZP and PDI. ST = sonication time

(@ 70W), HT = homogenisation time (@ 11,000 RPM).

Batch (% = w/v) ST HT Z-ave (nm) ZP (mV) PDI
1: 7.5% Compritol® 4 x5 min 15 min 319.98 -29.9 0.766
888 + 2.5% cycles
Poloxamer 188
2: 7.5% Compritol® 4 x5 min 15 min 286.2 -25.0 0.455
888 + 1.5% cycles
Poloxamer + 1.5%
Tween® 80
3: 7% Compritol® 4 x5 min 10 min 278.96 -25.2 0.438
888 + 1.5% cycles
Poloxamer + 1.5%
Tween® 80
4: 7% Compritol® 4 x5 min 10 min 287.86 -25.733 0.399
888 + 1% Poloxamer cycles
+ 1% Tween® 80
5: 5% Compritol® 3 x5 min 10 min 132.87 -31.24 0.359
888 + 1% Poloxamer cycles
+ 1% Tween® 80
6: 5% Compritol® 3 x5 min 10 min 176.85 -11.87 0.259
888 + 1% Poloxamer cycles

+ 1% Tween® 80 +
1% atRA (freeze
dried)
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Compritol® 888 ATO / -8.595 0.359 122.7
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Tween® 80
Compritol® 888 ATO / -11.87 0.259 126.27

Poloxamer 188 /
Tween® 80 / atRA

Figure 4.4(A). Average particle size data obtained using the Zetasizer Nano ZS (Malvern Instruments, UK)
on assessment of three different SLN formulations. SLNs containing one surfactant (poloxamer 188) were
of a large particle size. Addition of a second surfactant reduced this particle size. Inclusion of the drug
molecule, atRA, resulted in a non-significant increase in size to 176.9 nm. Both blank SLNs and atRA SLNs
are significantly smaller than SLNs composed of lipid + one surfactant (**** = P < 0.0001, One-way
ANOVA + Tukey’s post-hoc test); (B) Image of atRA SLNs obtained using a NanoSight NS300; (C) Table
indicating average ZP for each SLN formulation, PDI for each formulation, and average particle size —

obtained a second time, using the NanoSight ZS300.

2 B
Transmission election microscopy (TEM) of SLNs was carried out in order to assess
particle morphology and confirm particle size for atRA loaded and blank SLNs. Images
obtained using TEM (Figure 4.5) showed atRA SLNs to be of a spherical shape, and have
also confirmed size range to be approx. 100-200 nm (supporting the results obtained

using DLS and NTA).
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2pm

Figure 4.5. Images obtained using transmission electron microscopy (TEM) showing atRA loaded SLNs,
(top) stained using 2% uranyl acetate and (bottom) stained with 2% osmium tetraoxide. All images show

particles of approx. 100-400nm in size, and of a spherical shape.

4.3.2. SLN yield, drug loading and encapsulation efficiency
Average nanoparticle yield was assessed gravimetrically, with drug loading and
encapsulation efficiency being assessed via HPLC (Table 4.4). Nanoparticle yield and
encapsulation efficiency were found to be high, with an average yield of 92.14% and
average drug encapsulation of 85.47%, suggesting very high drug entrapment in the

nanoparticles. Conversely, drug loading was found to be low, on average 0.48%. This is
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expected however, as lipid has a certain drug loading capacity, which if exceeded, can
lead to decreased encapsulation efficiency. Therefore, finding the balance in achieving
a high encapsulation without exceeding the drug loading capacity of the lipid is of

critical importance in the formulation of SLNs.

Table 4.4. Average nanoparticle yield (%), drug loading and encapsulation efficiency of atRA SLNs (n=10 *
SD).

Yield % Drug Loading (DL) % Encapsulation

Efficiency (%)

atRA SLN 92.14 +2.45 0.48 £0.05 85.47 +8.77

4.3.3. atRA release from SLNs
As shown in Figure 4.6A, SLNs presented a complex in vitro atRA release pattern. A
burst release of loaded atRA was observed for the first 8 h during which time almost
30% of the drug was released, followed by a more sustained release profile for six days.

After 7 days, the average release from the particles was 43%.

The release profile obtained was analysed using the zero order, first order, Higuchi and
Korsmeyer-Peppas mathematical models. Linear regression was used to calculate the
coefficient values (R?). In order to obtain the most accurate release profile, the data
was split into first day release and latter release profiles. The first 8 h of release
resulted in zero-order kinetics (Figure 4.6C), with the second section resulting in

Korsmeyer-Peppas kinetics (Figure 4.6D).
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Figure 4.6(A). Cumulative release of atRA from 20 mg lyophilised SLN powder at 37°C over the space of 7
days using a Float-A-Lyzer® G2 dialysis device. Data expressed as a percentage of the total atRA loaded
into 20 mg SLNs. Error bars represent mean + SE (n=4); (B) Float-A-Lyzer® G2 dialysis device; (C)
Mathematical modelling of time points 0-8 h resulting in zero order release kinetics. Non-linear
regression analysis applied using GraphPad v6. R? = 0.9922; (D) Mathematical modelling of time points
24-120 h (log time) versus cumulative atRA release (%) using non-linear regression analysis in GraphPad

v6. Data follows Kors Peppas release kinetics. R? = 0.9968.

4.3.4. Stability studies of atRA and blank SLNs

a B n
In order to determine physical stability of atRA (Figure 4.7A) and blank SLNs (Figure
4.7B), average particle size measurements were recorded at various time points up to

three months (i.e. day 1 following preparation, day 7, day 28, day 56 and day 84). SLNs
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were also stored under three different storage conditions during this time, in order to
determine optimal storage temperature. Particle size measurements were recorded
using both the Zetasizer Nano ZS and the Nanosight NS300. On assessment with the
Zetasizer, atRA SLNs stored at room temperature (i.e. 20°C) experienced the most
significant increase in particle size over the duration of the study. SLNs stored at 4°C
experienced a significant increase in particle size from day 1 to day 7, but no further
changes in particle size. SLNs stored at -20°C did not undergo any significant changes in
particle size. However, on assessment with the Nanosight, it was found that no

significant changes in particle size were observed under any temperature condition.
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Figure 4.7(A). Average particle size data for atRA SLNs stored at 3 temperature conditions: -20°C, 4°C
and 20°C (freezer, fridge or room temperature). Particle size was measured using both a Zetasizer Nano
ZS and a Nanosight NS300 (both Malvern Instruments, UK). Particle size changes appear more significant
on measurement using a Zetasizer compared with the Nanosight. Storage at +20°C results in significantly
larger particle size; (B) Average particle size for blank-SLNs stored at 3 temperature conditions -20°C, 4°C
and 20°C. Particle size was measured using both a Zetasizer Nano ZS and a Nanosight NS300 (both
Malvern Instruments, UK). Particle size changes appear more significant on measurement using a
Zetasizer compared with the Nanosight. Storage at -20°C results in significantly larger particle size
Results are presented as mean particle size + SE. Significance determined via two-way ANOVA, with

Tukey’s post hoc test. * = P<0.01, ** = P<0.001, *** = P<0.0001 and **** = P<0.00001.

On measurement of particle size of blank SLNs, differences in Z-ave over time and at
different storage temperatures were noted when measurement was performed using
the Zetasizer, but were not observed when using the Nanosight. Storage at -20°C
resulted in significantly increased particle size throughout the study which was not

observed with atRA SLNs (Figure 4.7). There is no significant change in blank SLN size at
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4°C up to day 56, at which point a significant increase is detected. Similarly to atRA

SLNs, a significantly increased size is found on storage at 20°C.

a b n
Stability studies also aimed to determine changes in zeta potential over time (Figure
4.8A). For atRA SLNs, the optimal storage temperature appears to be -20°C due to ZP
remaining low at -14 mV by day 28. By day 56, ZP for all storage conditions has
increased to between -10 and -5 mV, which indicates that on re-dispersion a less stable
suspension may result. Storage at 4°C appears to have intermediate ZP, with storage at
20°C showing a gradual increase in ZP at each time point. For blank SLNs, ZP appears to
increase consistently for all storage conditions. Storage at 4°C appears to be optimal

with a low ZP at day 84 of -13 mV.
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Figure 4.8(A). Average zeta potential data for atRA and blank SLNs stored at 3 temperature conditions: -
20°C, 4°C and 20°C (freezer, fridge or room temperature). Zeta potential was measured using a Zetasizer
Nano ZS (Malvern Instruments, UK). Storage at +4°C appears to result in the most consistent zeta
potential over time. Data is presented as mean zeta potential + SE; (B) Average atRA encapsulation
efficiency over time, on storage of SLNs at 3 different temperatures (-20°C, 4°C and 20°C).Storage at 20°C
results in the most significant drop in drug encapsulation at all time points. Storage at 4°C also
significantly reduces atRA encapsulation. Encapsulation is best retained at -20°C. Results are presented as
mean encapsulation efficiency + SE. Significance determined via two-way ANOVA, with Tukey’s post hoc

test. * = P<0.01, ** = P<0.001, *** = P<0.0001 and **** = P<0.00001.

Repeated measurement of encapsulation efficiency was also performed via HPLC of
atRA SLNs, to determine whether storage temperature affects loaded atRA stability.
From Figure 4.8B, it is clear that storage at 20°C results in significant reduction in
encapsulated atRA, with 1.46% encapsulation at day 84 compared with almost 100% at
day 1. Storage at 4°C also results in a significant decrease in EE%, though to a lesser
extent than at 20°C. Final encapsulation at day 84 is 10.94%. EE% also decreases in a

time dependant manner for particles stored at -20°C, though again to a lesser extent,
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with final EE of 76%. This indicates that atRA encapsulated in SLNs is most stable at -

20°C with higher temperatures resulting in gradual degradation of the molecule.

4.3.5. Evaluation of A549 viability post atRA SLN supplementation
Cell viability assays were carried out to determine biocompatibility of atRA SLNs (Figure
4.9). A549 lung epithelial cells were used as the in vitro model cell type, due to their
similarity to in situ alveolar type Il (ATIl) cells [274]. Supplementation with both a low
dose (LD = 5 pg/mL) and high dose (HD = 10 pg/mL) of atRA SLNs resulted in no
significant reduction in cell viability over the study duration of 72 h. Both raw atRA

alone and blank SLNs used as controls also showed biocompatibility with the A549

cells.
A
Blank SLNs atRA SLNs (5 ug/mL) atRA SLNs (10 ug/mL)
) - -
48 h
72h
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Figure 4.9(A). LIVE/DEAD stain results for A549 cells supplemented with either blank SLNs, low dose atRA
SLNs (5 ug/mL) or high dose atRA SLNs (10 ug/mL) imaged at 24 h, 48 h and 72 h. Live cells are stained
green, dead cells are stained red. Scale bar, 100 um; (B) Average A549 cell viability following
supplementation with atRA and blank SLNs over a period of 72 hours. Raw atRA alone and untreated
A549 cells were used as controls. Assay was performed using a CCK-8 viability kit. Results are presented
as mean cell viability + SE. Significance determined via two-way ANOVA, with Dunnett’s post hoc test. **

= P<0.001.

4.3.6. atRA loaded “Respiragel” characterisation

8 B
atRA SLNs were suspended at a conc. of 10 pg/mL in the hydrogel previously developed
in Chapter 2. Repeated rheological characterisation indicated that the gel retained its
thermoresponsive properties and its gelation temperature of 37°C (Figure 4.10A). Time
sweeps showed that the atRA loaded Respiragel was able to maintain its structure on a
prolonged hold at 37°C, and in fact increased in strength (as shown by the increasing G’

in Figure 4.10B). The gel also maintained its shear thinning properties, shown by the
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flow testing in Figure 4.10C, indicating a decrease in viscosity on application of

increasing shear stress.
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Figure 4.10 (A). A rheological temperature response curve obtained using an AR-1000 rheometer (TA
Instruments) showing atRA SLN loaded Respiragel (i.e. 2.5% methyicellulose, 0.1% collagen, 5.6% beta-
glycerophosphate) at a concentration of 10 ug/mL atRA in gel. G’ denotes storage modulus and G”
denotes loss modulus. Gelation of atRA SLN hydrogel occurs at 37°C, indicating thermoresponsivity is not
affected by inclusion of SLNs; (B) Time sweep of atRA SLN loaded Respiragel, involving holding the gel at
37°C for 30 min. G’ continues to increase as time increases, indicating improvement of gel strength at this
temperature; (C) Flow sweep of atRA SLN loaded Respiragel, showing a decrease in viscosity with

increase in shear stress (1-80 Pa) at 25°C. This indicates the gel continues to be shear thinning in nature

following inclusion of atRA SLNs.
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The morphology of the lyophilised atRA SLN loaded Respiragel wafers was determined
using scanning electron microscopy (SEM). Image A (Figure 4.11) shows the uniform
porous nature of the internal wafer structure, while image B shows the elongated
pores which appeared close to the edges of the sample. These images show a densely

porous structure, with a pore size of approximately 100 um. No structural change can

be observed following inclusion of atRA SLNs in the hydrogel matrix.

Figure 4.11. Representative scanning electron micrographs, showing internal porous structure of
lyophilised atRA SLN loaded Respiragel samples. Scanning electron micrographs were obtained using a
Zeiss Supra 35VP SEM microscope (Zeiss, Jena, Germany). Image (A) was taken at 55 X magnification and
5 kV accelerating voltage, and image (B) taken at 80 X magnification and 5 kV accelerating voltage. Scale

bar, 100 um.

8 | [ -A-®
B
Release studies performed in section 4.3.3 were repeated following suspension of atRA
SLNs in Respiragel and were compared with release of atRA from SLNs alone (Figure
4.12A). A burst release was observed for the first 8 h during which time 16.4% of the

drug was released. From 8 h to 24 h, a further 14% atRA was released. After 24 h a
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more sustained release profile was observed for five days. After 7 days, the average

release from the particles was 39.5%.

The release profile obtained was analysed using the zero order, first order, Higuchi and
Korsmeyer-Peppas mathematical models. Non-linear regression was used to calculate
the coefficient values (R?). In order to obtain the most accurate release profile, the
data was split into first day release and latter release profiles. The first 8 h of release
resulted in zero-order kinetics (Figure 4.12B), with the second section resulting in
Korsmeyer-Peppas kinetics (Figure 4.12C) — the same observation that was found with

release of atRA from SLNs alone (section 4.3.3).
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Figure 4.12(A). Cumulative release of atRA 10 ug/mL SLN loaded hydrogel at 37°C over 7 days using a
Float-A-Lyzer® G2 dialysis device. Data expressed as a percentage of the total atRA loaded into SLNs
loaded into hydrogel. Error bars represent mean + SE (n=3); (B) Mathematical modelling of time points O-
8 h resulting in zero order release kinetics. Non-linear regression analysis applied using GraphPad v6. R? =
0.9741; (C) Mathematical modelling of time points 24-144h (log time) versus cumulative atRA release (%)
using non-linear regression analysis in GraphPad v6. Data follows Korsmeyer Peppas release kinetics. R? =

0.9872.
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4.4.Discussion

While there is a large amount of literature describing the formulation and applications
of SLNs (and indeed those loaded with atRA), their suspension in a hydrogel for loco-
regional delivery to the distal airways has not, to the best of our knowledge, been
investigated before. Therefore, the formulation of an atRA SLN loaded hydrogel for
delivery and resultant anti-inflammatory activity in COPD represents a potentially novel
approach in tackling the growing burden of chronic lung disease, which will be further

examined in coming chapters.

Initially, a suitable SLN formulation for the encapsulation of atRA needed to be
developed, which required selection of an appropriate lipid and surfactant
combination. Previously, various combinations of a wide range of lipids and surfactants
have been utilised in the formulation of SLNs [250]. Our preliminary formulation
contained Compritol® 888 ATO as the lipid and poloxamer 188 as the surfactant. It was
important from a clinical translation perspective that any excipients utilised in this
formulation would have a basis of regulatory approval. Both Compritol® 888 ATO and
poloxamer 188 are accepted as “inactive ingredients” by the Food and Drug
Administration (FDA). Compritol® 888 ATO is a hydrophobic mixture of mono- (12 —
18% w/w), di- (45 — 54% w/w) and tri- (28 — 32% w/w) behenate of glycerol with a
melting point in the range of 69 — 74°C. Glyceryl behenate has been used as an
excipient in marketed products manufactured by many different pharmaceutical
companies (Table 4.5). A literature review also revealed Compritol® 888 ATO to be the

most frequently used lipid in the formulation of SLNs [251,259,263,275-278].
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Table 4.5. Internationally marketed products manufactured by different pharmaceutical companies that

contain glyceryl behenate as an excipient. Reproduced from [279].

Trade Active Dosage forms Manufacture Use
name pharmaceutical
ingredient
Zelnorm Tegaserod maleate Tablets Novartis Treatment of irritable bowel
syndrome
Aplenzin Bupropion Tablets Sanofi-Aventis US Antidepressant
hydrobromide
Effient Prasugrel Tablets Eli Lilly and Co. Reduce the risk of heart-related
events
Glumetza  Metformin Hcl Extended-release tablets Depomed Oral antihyperglycemic drug for
management of type 2 diabetes
Horizant Gabapentin Extended-release tablets GlaxoSmithKline LLC Treat moderate-to-severe restless
enacarbil legs syndrome
Intuniv Guanfacine Extended-release tablets Shire US Manufacturing, Inc.  Treatment of attention defict
hyperactivity disorder
Paxil-CR Paroxetine Extended-release tablets GlaxoSmithKline LLC Management of depression
hydrochloride
Requip XL Ropinirole Extended-release tablets GlaxoSmithKline LLC Treatment of Parkinson’s disease
Toviaz Fesoterodine Extended-release tablets Pfize, Inc. Treatment of overactive bladder
fumarate
Tracleer Bosentan Tablets Actelion Pharms Ltd Managing pulmonary arterial
hypertension
Wellbutrin  Bupropion Extended-release tablets GlaxoSmithKline Antidepressant used for smoking
XL hydrochloride cessation
Zmax Azithromycin Sustained-release granules  Pfizer, Inc. Macrolide antibiotics for treatment
for oral suspension of bacterial infections
Zyflo CR Zileuton Extended-release tablets Cornerstone therapeutic, Inc.  Treatment of asthma
Cambia Didofenac Powder for oral solution Nautilus Neurosciences, Inc. Treatment of acute migraine attacks
potassium
lbuprofen  diphenhydramine Coated caplets Dolgencorp LLC Relief of occasional sleeplessness
PM citrate, ibuprofen
Freelax Magnesium hydroxide Caplets Wyeth Relief of occasional constipation
Saline laxative
Motrin Diphenhydramine Coated caplets McNeil-PPC, Inc. Relief of occasional sleeplessness
PM citrate Ibuprofen

Selection of an appropriate surfactant was then required for nanoparticle formulation.

When surfactants are incorporated into immiscible mixtures of oil and water, the

surfactants can locate at the oil/water interface, which is thermodynamically stable,

resulting in a reduction in surface tension [280]. Poloxamer 188 was selected for this

formulation due to its frequent use in SLN formulations in combination with

Compritol® 888 ATO [276—278,281,282]. Poloxamers, as discussed in Chapter 2, are tri-

block copolymers of two ethylene oxide blocks attached to the ends of one propylene

oxide polymer. Alteration of both the hydrophobe and the hydrophile allows for

exceptional versatility for tailoring surfactant function and physical properties. In

174



general, poloxamers attach onto a particle surface via physical adsorption of the
central hydrophobic region, leaving the hydrophilic region sticking out into the
surrounding medium creating a “brush-like” appearance [283]. The inclusion of non-
ionic surfactants such as these can also confer some steric stabilisation properties onto
their associated nanoparticles, which may be of benefit [284]. Later formulations
introduced a second surfactant, Tween® 80, due to larger than desired particle sizes
and polydispersity indices, with findings in the literature suggesting that the
combination of two surfactants results in substantially smaller particle size [285].
Tween® 80 is also FDA approved and is listed on the “inactive ingredient” database.
Various concentrations of Compritol® 888 ATO, poloxamer 188 and Tween® 80 were

trialled, as shown in Table 4.1.

Following this, process parameters were also optimised, by way of modifying the
homogenisation time (HT) and the sonication time (ST). Starting HT was 15 min at
15,000 RPM, which was reduced to 10 min in subsequent protocols — this did not
appear to have a negative effect on SLN Z-ave, ZP or PDI as no significant difference in
comparative batches of SLNs was observed (Table 4.1). This corresponds with previous
findings in the literature which suggest HT does not have an effect on nanoparticle size
[251,286]. Following the reduction in HT, varying of ST was investigated. Initial ST was 4
x 5 min cycles, with a 1 minute pause in between. This was reduced to 3 x 5 min cycles
with a 1 minute pause between — again, this change did not appear to have a
significant effect on Z-ave, ZP or PDI. One previous study found a significant effect of ST
on SLN size, conducted by Das et al [251]. However, this involves comparison of STs
ranging from 1 — 10 min, compared with those investigated in this chapter (15 min and
20 min). Therefore, it is hypothesized that perhaps particle size reduction has a limit,
which cannot be overcome with further sonication. Consequently, the final formulation
selected was composed of Compritol® 888 ATO 5% w/v, poloxamer 188 1% w/v and
Tween 80® 1% w/v, produced under 10 min homogenisation followed by 3 x 5 min

sonication.
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As previously mentioned in section 4.2.3, the Z-ave, or Z-average diameter, is the mean
diameter of particles present in the sample. In terms of size, SLNs are defined to be < 1
um — a condition which this SLN formulation satisfied. As one aim of this study was to
suspend the SLNs in the hydrogel, we needed to determine if those produced fell
within an acceptable range to permit this. On average, particles of approximately 300
nm or greater in size undergo sedimentation [287], indicating that these SLNs are
sufficiently small to remain in suspension. In terms of PDI, or polydispersity index, a
measure of the width of the particle size distribution, a polydisperse suspension (values
close to 1) indicates that the sample has a very broad size distribution and may contain
large particles or aggregates that could be slowly sedimenting. PDI values of close to 0
indicate a monodisperse suspension, where the particle sizes are distributed over a
narrower range. In this case, a PDI of 0.359 indicates a relatively monodisperse

suspension.

Zeta potential, then, is a measure of electrostatic charge in a dispersion. It is generally
accepted in scientific literature that positively charged nanoparticles undergo cellular
uptake in vivo to a higher extent than anionic particles [288]. Cellular uptake is not a
requirement for these particles and as such, the formation of cationic particles was not
of importance here. Zeta potential is also an indicator of the stability of particles in a
suspension, due to the resulting attractive or repulsive forces. A highly charged
dispersion indicates that the particles will experience repulsive forces, and will
therefore be forced away from each other, leading to the formation of a stable
dispersion. In the case of a weakly charged dispersion, particles are more likely to
experience attractive forces, leading to agglomeration. In general, a ZP of greater than
+ 30 mV is considered a stable suspension [289]. In this case, a resulting ZP of between
-10 and -17 mV for blank SLNs may not be considered sufficiently charged to confer

stability, which could indicate that particles may aggregate over time.

On achieving consistent size, zeta potential and polydispersity index values, our

therapeutic signalling molecule of interest, all-trans Retinoic Acid (atRA), was added in
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to the formulation and physicochemical characteristics were re-assessed. The inclusion
of atRA initially led to a slight (but not significant) increase in Z-ave to 176.85 nm, a
decrease in PDI to 0.259, and an increase in ZP to -11.87 mV. The increase in size of the
SLNs was to be expected due to the addition of another molecule. Particle size
distribution improved, as evidenced by the decreased PDI. ZP increased indicating
possibly reduced stability. TEM was utilised to confirm atRA SLN shape and
morphology, as it has previously been used for nanoparticle imaging in the literature
[290]. Images show individual SLNs which are of rounded shape and approximately

100-200 nm in size, providing confirmation of the data generated by DLS and NTA.

atRA encapsulation within SLNs was determined via HPLC and was generally high, on
average 85.47% (Table 4.4). SLNs for the delivery of atRA for various applications have
been discussed in numerous previous publications, with varying success in
encapsulation levels. Two previous studies found low levels of encapsulation with atRA
[111,291] whereas other studies reported higher levels from a minimum of 54.49% up
to a maximum of 94.60% in research conducted by Das et al [251] and averages of
96.2%, 97.4% and 95.8% respectively in further publications [261,263,292].
Encapsulation efficiency of atRA in SLNs is dependent on various factors but most
importantly, on the choice of lipid selected. Compritol® 888 ATO, used in this study, is
superior in terms of entrapment ability due to the resulting crystal lattice structure
being less perfect in orientation when compared with homogenous glycerides, thus
leaving more space for drug to be loaded [279]. The long chain length of behenic acid
in Compritol® 888 ATO also enhances intermolecular entrapment of the drug by
interchain intercalation [293]. It is hypothesised that a combination of these factors

resulted in high encapsulation of atRA within the formed SLNs.

Release of atRA from SLNs appears to correspond with previous release data reported
in the literature. A burst release was observed over the course of the first 8 h, after
which point a more sustained profile became apparent (Figure 4.6A). Research

conducted by Mehnert, Miiller and zur Mihlen [294] found that release profile was
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linked to production temperature of SLNs. The burst release was highest when
producing at the highest temperature and applying the hot homogenisation method.
Conversely, burst release decreases with decreasing production temperature and was
almost non-existent when applying the cold homogenisation method. The same study
also found that high surfactant concentration also resulted in high burst release. This
was said to be due to redistribution of the active compound between the lipid and the
water phase during the heating and cooling process associated with the hot
homogenisation method. As a large amount of heat was used in the formulation
process of these SLNs, and a relatively high concentration of surfactant was
incorporated, it is likely that a combination of these findings contributed to a high
initial burst release. The subsequent prolonged release profile is likely due to the

release of drug entrapped within the lipid matrix [295].

Due to the observed biphasic release of atRA from SLNs, matching of the release profile
to one mathematical model was not optimal. Therefore, the release profile was split
into its two phases and subsequently applied to various models. The highest degree of
correlation was observed with initial zero-order kinetics, followed by subsequent
Korsmeyer-Peppas release (Figure 4.6, C and D). The correlation coefficient (R?) was
used as an indicator of the best fitting of the data to each model. Zero order describes
release rate as being independent of drug concentration and Korsmeyer-Peppas
indicates that release is a non-diffusion process [296]. Zero order release, in which a
drug is released at a constant rate, is the ultimate goal of all controlled-release drug-
delivery mechanisms. It leads, in principle, to the best control of plasma concentration
of drug in vivo [297]. Korsmeyer-Peppas release on the other hand, indicates diffusion
of water into the particle, subsequent swelling as water enters and the resultant
dissolution of the matrix [298]. The description of this model correlates with previous
discussion points relating to the second phase release being sustained due to

prolonged release from the internal solid lipid phase in such nanoparticles.

178



It should also be noted that the final cumulative release of atRA from SLNs over the
duration of the study was 43%. A terminal encapsulation efficiency assessment at the
end point of the release study would have determined whether any residual atRA
remained in the particles — however, by this point on visual inspection, the SLNs in
suspension had turned from yellow (the colour of atRA) to white indicating no
appreciable remaining drug quantity. Similar research carried out in RCSI by O’Leary et
al investigated atRA release from an atRA collagen-hyaluronate film and also an atRA
loaded bilayered collagen-hyaluronate scaffold at 37°C [299]. They discovered that no
atRA was found in the films at 48 h on re-testing for encapsulation. This is likely due to
the short half-life of atRA, which is 0.5 — 2 h in vivo [300]. Taken together, this
information suggests that some atRA released from SLNs into media at 37°C would

likely have been degraded prior to detection.

When developing a new drug delivery system, an estimation of stability is crucial as this
indicates suitability for commercial applications. Stability studies of atRA and blank
SLNs carried out in this work present a varied picture. Particle size across three storage
conditions appears to result in an increase on measurement with the Zetasizer ZS Nano
(utilising DLS or dynamic light scattering), whereas no significant change in mean
particle size is observed on measurement with the Nanosight NS300 (utilising NTA, or
nanoparticle tracking analysis). Average particle sizes obtained using the Nanosight
also appear significantly smaller than the sizes recorded using the Zetasizer (Figure
4.7A). Various publications have addressed the discrepancies in particle size recorded
from the use of DLS versus NTA [301-303]. In general, it has been found that NTA
possesses clear advantages over DLS such as enabling clear visualisation of the sample,
giving an approximate particle concentration and providing superior accuracy in sizing
for both monodisperse and polydisperse samples. The presence of a small number of
large particles in a sample has little impact on NTA accuracy, whereas this can have a
large influence on data obtained using DLS [301]. Based on this, specific attention will
be paid to results obtained from Nanosight assessment of particle size in the stability

studies shown in Figure 4.7A and Figure 4.7B. No significant difference was observed in
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particle size for particles at any storage condition when measured using the Nanosight,
indicating SLN size remains consistent up to 3 months. This is a similar finding to those
previously discussed in the literature indicating high stability of SLNs on prolonged

storage [276,296].

Changes in ZP were observed for both atRA loaded and blank SLNs. These changes
were not of a high magnitude however, with the largest difference occurring in both
atRA and blank SLNs stored at -20°C, showing variation of |9|mV. This may indicate
that storage at this temperature leads to aggregation of particles, and could explain the

changes observed in particle size measurement using the Zetasizer.

Significantly, examination of the encapsulation efficiency of atRA within SLNs showed a
decrease at all storage temperatures over the course of this study. In general,
encapsulation of a drug molecule within SLNs aims to improve drug stability. However,
as previously discussed, atRA is extremely unstable and possesses a short half-life.
Incorporation of atRA into SLNs clearly improves stability of the drug as it is still
possible to detect atRA present in the samples up to 3 months (Figure 4.8B). The

optimal temperature for storage with EE in mind appears to be -20°C.

With a view to further in vitro testing of atRA and blank SLNs on a lung cell line,
biocompatibility testing using A549s was carried out. Culture of A549 cells in the
presence of two doses of atRA SLNs and blank SLNs showed no reduction in viability
(Figure 4.9). This was anticipated due to the biocompatibility of the drug molecule used
and all excipients selected, coupled with numerous previous research articles indicating
the low cytotoxicity associated with similar SLNs [304—-306]. This also complies with the
International Organisation for Standardisation guidelines (ISO 10993-5:2009) [230],
which states that samples with a cell viability larger than 80% can be considered non-
cytotoxic. One potential limitation of this study, was that atRA used in SLNs had
previously been dissolved in DMSO prior to formulation into particles, but blank SLNs
contained no DMSO. It is thought that this is unlikely to have any significant effect on

viability due to the very small amount which would be present in blank SLNs (X mg),
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and also as there was no adverse effect on biocompatibility observed on assessment of
atRA SLNs. However — inclusion of DMSO in blank SLNs would have been a more

appropriate control.

Final assessment of atRA SLNs developed in this chapter involved incorporation of the
particles in a previously developed hydrogel (see Chapter 2). Incorporation of the SLNs
into the hydrogel resulted in no change to thermoresponse or shear thinning
properties. This is important from a clinical translation perspective, as it indicates that
flow behaviour improves when applying a stress, which is the force used when pushing

through a syringe or catheter device.

Release of atRA from SLNs loaded into the hydrogel followed a similar pattern to that
of atRA release from SLNs alone. A burst release was observed over the course of the
first 8 h, after which point a more controlled profile became apparent (Figure 4.12A).
As with release from SLNs alone, due to the biphasic release of atRA, matching of the
release profile to one mathematical model was not optimal. Therefore, the release
profile was split into its two phases and subsequently applied to various models. The
highest degree of correlation was observed with initial zero-order kinetics, followed by
subsequent Korsmeyer-Peppas release (Figure 4.12, B and C). The determination
coefficient (R?) was used as an indicator of the best fitting of the data to each model.
On observation of the release models obtained, the R? value obtained from linear
regression analysis for the first half of the dataset (zero order kinetics) is lower for atRA
SLNs in hydrogel compared with SLNs alone (0.9741 versus 0.9922). Figure 4.12B also
shows points from 1-3 h falling below the best fit line, indicting non-linear release at
these points. This is likely due to the presence of a second matrix through which the
drug is required to pass prior to detection. We hypothesize that during this time (0-3
h), atRA is releasing from SLNs within the gel, but the full amount of atRA released is
not escaping the second matrix and being released from the hydrogel — therefore
lower release is detected at these time points. After this point, the hydrogel may be

saturated with atRA, resulting in a linear release from 4-8 h. Taken together, these
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results indicate that atRA SLNs may be successfully suspended in Respiragel without
alteration of gel characteristics, forming a multi-modal drug delivery system which has

the potential to enable loco-regional delivery of atRA to the lung using minimally

invasive devices.
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4.5. Conclusion

An unmet clinical need in the treatment of chronic lung diseases such as COPD has
resulted in the investigation of pro-regenerative strategies such as the delivery of stem
cells and small molecules for improved patient outcomes. The results of this chapter
demonstrate the feasibility of formulating a small molecule drug, all-trans Retinoic
Acid, into biocompatible SLNs which can be suspended in the hydrogel developed in
Chapter 2 providing sustained release on delivery. SLNs were formulated using
Compritol® 888 ATO as the solid lipid, in combination with two surfactants, poloxamer
188 and Tween® 80. These SLNs were capable of high encapsulation of atRA, and
subsequent prolonged release of the molecule over a period of 7 days. atRA SLNs were
stable up to three months on storage at -20°C. atRA SLNs were also found to be
biocompatible with a relevant lung epithelial cell line, A549s, demonstrating promise
for low toxicity in vivo. Finally, it was possible to incorporate SLNs into the hydrogel
developed in Chapter 2 of this project, with no resultant effect on hydrogel rheological
properties. As demonstrated in Chapter 2, the hydrogel could be delivered through a
syringe, needle and catheter, and incorporation of particles into this gel indicates the
potential for direct delivery of this formulation to the distal airways using current
interventional pulmonology and medical device techniques. Based on this, the results
presented in this chapter represent a promising formulation for delivery of small
molecule drugs to the distal airways, while requiring further investigation into in vitro

bioactivity, which will be discussed in detail in Chapter 5.

183



5. Chapter 5: b assessment of anti-inflammatory activity of
developed formulations: h -A retinoic acid solid lipid

nanoparticles and hMSC/Respiragel
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5.1.Introduction

The work of previous Chapters has centred around the development of two
formulation approaches with potential applications in the treatment of COPD — firstly,
the use of stem cells which can be used as a cell source for repair and also for their
paracrine capabilities in mounting an anti-inflammatory response; and secondly, the
use of small molecule therapeutic agents — in this case all-trans Retinoic Acid, also with
potential effects on inflammation. While formulation and biocompatibility studies have
been described in Chapters 2 and 4 of this thesis, the potential therapeutic effect of
these approaches has not yet been investigated. This Chapter focuses on assessing the
anti-inflammatory effects of both the hMSC/Respiragel formulation and the atRA SLN
formulation through the use of an in vitro model of cytokine release, with cytokines
being key components of the inflammatory process observed in chronic lung diseases

such as COPD.

5.1.1. Inflammatory cytokines in COPD
Results presented in this Chapter describe modulation of released IL-6 and IL-8 in an in
vitro A549 model stimulated with IL-1B or TNF-a. The use of IL-1B and TNF-a to
produce pro-inflammatory cytokines has a basis in the molecular pathogenesis of
COPD. IL-1 is one of the major cytokines involved in the initiation and persistence of
inflammation [307]. Enhanced production of IL-1 is documented in stable COPD, with a
further increase during exacerbations of the illness [308]. BAL fluid from smokers has
been shown to contain higher levels of IL-1B than BAL fluid from non-smokers, and the
level of IL-1B is related to smokers lung function [309]. Research carried out by
Lappalainen et al [310] found that induction of IL-1B expression in the lungs of a
transgenic mouse caused pulmonary inflammation characterised by neutrophil and
macrophage infiltrates. IL-1B resulted in distal airspace enlargement, consistent with

the emphysematous component of COPD. IL-1P also caused disruption of elastin fibers
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in alveolar septa, fibrosis in airway walls and in the pleura, and enhanced mucin
production. TNF-a is produced by macrophages and mast cells, and has been shown to
induce airway hyper-responsiveness in animals and in humans [311]. TNF-a
concentrations are increased in the sputum of patients with COPD [312], again
particularly during exacerbations. COPD patients who smoked were also found to have
higher sputum concentrations of TNF-a when compared with ex-smoker COPD

patients, and those who had never smoked [313].

IL-6 was chosen as a marker in this study due to its involvement in regulation of the
immune response and inflammation, usually acting as a pro-inflammatory cytokine
[314]. Increased levels of circulating IL-6 have been reported in patients with COPD
compared with healthy volunteers [315], in a study which also reported increased
levels of IL-8 in COPD patients. Numerous other publications have corroborated the
link between up-regulation of IL-6 and inflammation in COPD including research carried
out by Eid et al [316] which found increased levels of IL-6 and TNF-a in COPD patients
with skeletal muscle depletion, and by Wedzicha et al [317], which found increased
serum levels of IL-6 in patients experiencing COPD exacerbations. A further study
carried out by Bhowmik et al/ [318] also found raised levels of IL-6 (and IL-8) in the

sputum of COPD patients during exacerbations.

With respect to the selection of IL-8 as a second marker for inflammation in our in vitro
model, once again, the pro-inflammatory characteristics of IL-8 and its relevance in
COPD has been extensively investigated. IL-8 (also known as CXCL-8 or chemokine C-X-
C motif ligand 8) is a chemotactic cytokine produced by alveolar macrophages,
lymphocytes, epithelial cells, and neutrophils [312]. Its main actions are neutrophil
recruitment and activation [319]. Research carried out by Keating et a/ [312] found that
induced sputum from patients with COPD contained significantly higher levels of IL-8
(and TNF-a) than that from healthy patients, indicating a potential link between these
pro-inflammatory molecules in the inflammatory pathogenesis of COPD. Publications

previously cited in relation in IL-6 up-regulation have often also investigated IL-8
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regulation, and have uncovered similar findings [315,318]. A further study, carried out
by Pesci et al [320] found increased levels of IL-8 in BAL fluid from COPD patients. This
summary provides examples of literature in the field linking increased levels of IL-6 and
IL-8 (among other cytokines and chemokines) to the inflammatory pathogenesis of
COPD - highlighting them as key markers of inflammatory processes for our in vitro

assays.

5.1.2. b cell culture models
In general, in vitro cell cultures are established to mimic tissues or microenvironments.
Respiratory cell culture models incorporate a range of immortalised cell lines or
primary epithelial cells for mechanistic, drug transport and toxicity studies [243]. One
of the chief advantages of in vitro research is that, compared to animal models, cellular
and subcellular functions (such as cell growth, interactions or metabolism), as well as
the underlying molecular pathways, can be studied with more ease in a simplified,
direct, biological model system. As is the case with cell culture models for other organ
systems, immortalised cell lines are useful due to their homogenous nature, which
results in better stability and more reproducibility. In addition to this cell lines are cost
effective, generally easy to use, provide an unlimited supply of material, and bypass
any ethical concerns associated with the use of animal and human tissue [321]. Primary
cell cultures isolated from animal tissue on the other hand, more closely mimic the
physiological state in vivo, however they represent a heterogeneous population of
different cell types and each isolate will be unique and impossible to exactly reproduce.
They also face limitations such as the lack of availability of normal human airway tissue
from which to isolate cells, the limited number of cells that can be received from each

isolation, and also certain donor variation [322].

In this Chapter, we aim to utilise an immortalised human lung epithelial cell line, A549
cells, as an in vitro alveolar epithelial cell model to ascertain the anti-inflammatory

effects of our formulations. A549 cells were first initiated in 1972 by D. J Giard et a/
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[323] through explant culture of lung carcinomatous tissue from a 58 year old
Caucasian male. Studies carried out by M Lieber et al [324] revealed A549 cells to
contain multi-lamellar cytoplasmic inclusion bodies typical of those found in type Il
alveolar epithelial cells (ATII) of the lung. It was also found that at early and late
passage levels, the cells synthesise lecithin with a high percentage of di-saturated fatty
acids; such a pattern of phospholipid synthesis is expected for cells believed to be
responsible for pulmonary surfactant synthesis (i.e. ATII cells). This indicated that the
A549 cell line had the potential to act as an appropriate in vitro model for human ATII
cells. Since these discoveries, A549s have routinely been used as a model for studying
the physiology and drug metabolism of ATII cells and also as a permeability screen for

substances administered via the pulmonary route [325-327].

Figure 5.1. A549 cells in culture in a T175 flask two days post seeding at a density of 2 x 10° cells/flask.
Scale bar = 100 um.

Specifically, this body of work was interested in the application of an A549 in vitro
model as a model for inflammation in COPD. The release of numerous chemokines and
cytokines from both A549 cells and ATII cells following exposure to a stimulus has been
investigated in various publications to date. In terms of A549s, research carried out by
Standiford et al [328] found that IL-1B and TNF-a were able to stimulate the release of

interleukin 8 (IL-8) from A549s in a dose and time dependant manner, through
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induction of gene expression. A study carried out by Crestani et al [329] found that in
vitro A549s produced interleukin 6 (IL-6) on stimulation with IL-1B and TNF-a. Research
from a number of publications has shown a similar pattern of stimulation and
subsequent cytokine release from ATII cells [330,331] which we are attempting to

model, thus validating the use of A549s to achieve this.
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Objectives

The overall objective of this Chapter was to investigate the anti-inflammatory effects of
both the atRA SLN formulation and the hMSC/Respiragel formulation on an in vitro

model of inflammatory lung disease, using IL-1B stimulated A549 cells.

9 The first objective of this Chapter was to develop an in vitro model whereby
A549 cells could be activated using either IL-1B or TNF-a, and to determine
which pro-inflammatory cytokine elicited the greatest level of inflammation.

9 The second objective was to use this in vitro model to assess the anti-
inflammatory activity of the atRA SLN formulation with respect to its effect on
IL-6 and IL-8 concentrations.

1 The third objective of this Chapter was to investigate whether the atRA SLNs
could be suspended in Respiragel, resulting in a similar anti-inflammatory effect
with respect to IL-6 and IL-8 concentrations.

 The final objective was to use this in vitro model to assess the anti-
inflammatory activity of the hMSC/Respiragel formulation with respect to its

effect on IL-6 and IL-8 concentrations.
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5.2.Materials and Methods

5.2.1. Materials

The A549 cell line was purchased from the American Type Culture Collection (ATCC,
Virginia, USA). The NFkB luciferase reporter A549 stable cell line was obtained from
collaborators in National University of Ireland, Galway, but was originally purchased
from Signosis Inc. (Buckingham, UK). Retinoic acid, Cell Counting Kit 8 (CCK-8), and
Dulbecco’s Modified Eagles Medium/Nutrient Mixture F12 (DMEM/F12) media were
also purchased from Sigma Aldrich (Ireland). Human recombinant IL-18 and TNF-a
were purchased from Immunotools (Germany). LumiDazzle Luciferase Reporter Gene
Assay Kit was purchased from Medical Supply Company Ltd (Dublin, Ireland). Human IL-
6 and IL-8 Ready-Set-Go ELISA Kits were obtained from Affymetrix eBioscience
(Cheshire, UK).

5.2.2. Development of a cell based assay to determine the anti-inflammatory

effects of previously developed formulations

2 A
A549 cells were cultured as previously described in section 4.2.9. A549s were
maintained in DMEM/Ham’s F12 medium (Sigma Aldrich, Ireland) supplemented with
10% foetal bovine serum (FBS), and 1% penicillin/streptomycin (Labtech, UK), at 37°C
and in a 5% CO; atmosphere. The cells were plated in T175 cell culture flasks (Sarstedt,
Ireland) and subcultured before reaching confluency using a 0.1% trypsin solution in
EDTA (Sigma). The culture medium was changed every two days. The cells were split

1:5 during each passage. The passages used for the following experiments were 16-21.
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3 B p
A549 cells were cultured as described in section 5.2.2.1, and underwent expansion and
three passages prior to seeding in experiments. Cells were then seeded in 24 well flat-
bottom adherent plates (2 x 10* cells/ well in 0.5 mL DMEM/F12 media) and incubated
for 24 h. After 24 h, media was removed from wells and cells were washed three times
with PBS (Sigma Aldrich, Ireland). The pro-inflammatory cytokines, tumour necrosis
factor alpha (TNF-a) or interleukin 1 beta (IL-1B), were then added to the cells diluted
in media as shown in Figure 5.2. TNF-a was added at a concentration of 50 ng/mL and
IL-1B was added at a concentration of 10 ng/mL as these concentrations had been

previously determined as optimal for induction of inflammatory responses [332].

TNF-
A IL-1B 10 @ Untreated
ng/mL 50 A549s

k
OO0

Figure 5.2. Experimental design for determination of inflammatory response of A549 lung epithelial cells

0000,
0000,
0000,

at a seeding density of 2 x 10* cells/well in the presence of pro-inflammatory molecules IL-18 (10 ng/mL)
and TNF-a (50 ng/mL). Media supernatant was removed at four time points (4 h, 24 h, 48 h and 72 h) and
analysed by ELISA.
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This experimental design was used to determine whether A549s would release
increased levels of pro-inflammatory cytokines (i.e. IL-6 and IL-8) on supplementation
with either IL-1B or TNF-a. The outcome of this experiment would direct the choice of
which inflammatory cytokine to use in further studies investigating the effect of atRA

SLNs on raised inflammatory cytokine levels.

5.2.3. Assessment of anti-inflammatory effect of atRA SLN formulation

3 B
A549 cells were seeded and activated using IL-1B as described in section 5.2.2.1 and
5.2.2.2. After 24 h incubation, media was removed from wells and cells were washed
three times with PBS (Sigma Aldrich, Ireland). atRA SLNs were then suspended in media
at two different concentrations (SLNs containing atRA equivalent to 5 pug/mL and 10
ug/mL) and pipetted gently onto cells. Free atRA at a concentration of 10 pg/mL in
media was used as a control, as were blank SLNs in media (equal to the weight of 10

ug/mL atRA SLNs used), and media alone.
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After 4, 24, 48 and 72 h incubation, atRA SLNs and media were removed from wells and
A549s were washed three times with PBS, before performing a Cell Counting Kit 8
(CCK-8) assay according to the manufacturer’s instructions. Briefly, media + 10% CCK-8
reagent was added to each well, and plates were returned to the incubator for 2 h to
react. 100 pL of each sample was plated per well, in triplicate, on a clear 96 well plate,
and absorbance of the samples was measured at 450 nm using a Varioskan Flash
multimode microplate reader (Fisher Scientific, Ireland). Percent viability was then

calculated using the following equation:
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Equation 5.1. Equation used to calculate % A549 viability following supplementation with atRA, atRA
SLNs or blank SLNs.
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After 4, 24, 48 and 72 h incubation, media supernatant was removed from wells and
stored in eppendorfs at -80°C until analysis. ELISA (eBiosciences, UK) was used to
qguantify the levels of IL-6 and IL-8 expressed by A549s in response to treatment with
the atRA SLN formulation. Assays were carried out according to the manufacturer’s
instructions and the absorbance of each sample was read at 450 nm and 570 nm using
a Varioskan Flash multimode plate reader, whereby the quantity of IL-6 or IL-8 present

was deduced by calculating against a standard curve (Appendix 3.1 and 3.2).

B #oHBh AN
i
A549 cells were cultured as described in sections 3.2.9 and 5.2.2.1, and seeded in 24
well flat-bottom adherent plates (2 x 10* cells/ well in 0.5 mL DMEM/F12 media) as
described in section 5.2.2.2. IL-1B was then added to the cells at 24 h, diluted in media
at a concentration of 10 ng/mL. A further 24 h later, media was removed from wells
and cells were washed three times with PBS (Sigma Aldrich, Ireland). atRA SLNs were
then suspended in the “Respiragel” polymer solution at two different concentrations
(SLN hydrogel containing atRA equivalent to 5 pg/mL and 10 pug/mL). Free atRA at a
concentration of 10 ug/mL in Respiragel was used as a control, as were blank SLNs in

the gel (equal to the weight of 10 pug/mL atRA SLNs used), and media alone. The series
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of gels were aspirated into 3 mL syringes and 500 pL volumes were expelled through a
21G needle to form droplets in Costar Transwell Inserts (Fisher Scientific, Ireland) with
an 8 um pore size and diameter of 6.5 mm. Plates were then transferred to the
incubator at 37°C for 15 min in order for gelation to occur. Plates were then removed

and 2 mL media gently added to each well, before returning to the incubator.

After 4, 24, 48 and 72 h incubation, atRA SLNs hydrogels and media were removed
from wells and A549s were washed three times with PBS, before performing a CCK-8

assay according to the manufacturer’s instructions, and as described in section 5.2.2.4.

At the same time points, media supernatant was removed from wells and stored in
eppendorfs at -80°C until analysis. ELISA (eBiosciences, UK) was used to quantify the
levels of IL-6 and IL-8 expressed by A549s in response to treatment with the atRA SLN

Respiragel formulation as described in section 5.2.2.5.

5.2.4. Development of a cell based assay to determine the anti-inflammatory

effects of hMSCs in Respiragel

a bC°¢ . l'pndd Odzf GdzNB 'y R #dz0 aSlj dzSy i
NFkB luciferase A549 cells were used for experiments involving hMSCs. This was due to
the fact that there are two cell types used in these assays (i.e. a co-culture) meaning it
is difficult to ascertain which cells are releasing the cytokines and therefore producing
the detected effect. When NFkB luciferase A549s are activated, the luciferase (which is
regulated by NFkB) is released, allowing the signal to be measured via a luciferase
assay, thus distinguishing effects produced from A549 cells from those produced by

hMSC activity.

NFkB luciferase A549 cells were cultured as previously described for A549 cells with no
luciferase reporter in sections 4.2.9 and 5.2.2.1. Cells were seeded in 24 well flat-

bottom adherent plates (2 x 10 cells/ well in 0.5 mL DMEM/F12 media) as in section
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5.2.2.2 and incubated for 24 h. IL-1B was then added to the cells diluted in media at a

concentration of 10 ng/mL, and plates were returned to the incubator for 24 h.

hMSCs were cultured as previously described in section 2.2.7.
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hMSCs were cultured as described in section 5.2.3.2. Cells were removed from the
suspension via trypsinization and centrifugation, and on removal of the supernatant,
the pellets were re-suspended in the Respiragel polymer solution at a density of 5 x 10°
cells/ mL. This was aspirated into a 3 mL syringe and 500 pL volumes were expelled
through a 21G needle to form droplets in Costar Transwell Inserts (Fisher Scientific,
Ireland) with an 8 um pore size and diameter of 6.5 mm. Plates containing pre-seeded
and activated NFkB A549s were then removed from the incubator and inserts
containing hMSC/Respiragel formulation were carefully added in on top as per the
schematic shown in Figure 5.3. Plates were then returned to the incubator for culture.
Samples were removed at 4 h, 24 h, 48 h and 72 h. Samples collected included media

supernatant for ELISA and NFkB A549 cells for viability and luciferase assays.

196



Gel + Gel +
A hMSC + A549s (No
A549s hMSCs)

7

3

4

Gel + hMSCs + A549
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Figure 5.3. Experimental design and schematic for assessment of anti-inflammatory effect of hMSC
loaded Respiragel formulation on NFkB A549 lung epithelial cells, pre-activated with IL-18 @ 10 ng/mL.
Controls included a gel alone group (containing no hMSCs), gel + hMSCs without pre-activated NFkB

A549s, hMSCs (not suspended in Respiragel) + NFkB A549s, and finally NFkB A549 cells alone. All NFkB
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A549 cells were pre-activated using IL-18. Media supernatant was removed at four time points (4 h, 24 h,

48 h and 72 h) and analysed by ELISA for IL-6 and IL-8 content.
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As previously mentioned in 5.2.3.1, NFkB luciferase A549 cells were used due to the
fact that there are two cell types used in these assays, meaning it is difficult to
ascertain which cells are releasing the cytokines and producing the detected effect.
When these cells are activated, the luciferase (regulated by NFkB) is released, allowing

the signal to be measured via a luciferase assay.

After 4, 24, 48 and 72 h incubation, media supernatant was removed from wells and
NFkB A549s were washed three times with PBS. Media was replaced and LumiDazzle
Luciferase Reporter Gene Assay reagent was added according to the manufacturer’s
instructions. 100 pL of each sample was transferred to an opaque 96 well plate and

luminescence was read for 0.1 s using a Victor Wallac multimode plate reader.
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After 4, 24, 48 and 72 h incubation, gel, inserts and media were removed from wells
and NFkB A549s were washed three times with PBS, before performing a CCK-8 assay

according to the manufacturer’s instructions, and as described in section 5.2.2.4.
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Following 4, 24, 48 and 72 h incubation, media supernatant was removed from wells
and stored in eppendorfs at -80°C until analysis. ELISA (eBiosciences, UK) was used to
guantify the levels of IL-6 and IL-8 expressed by activated NFkB A549s in response to
treatment with the hMSC loaded Respiragel formulation. Assays were carried out
according to the manufacturer’s instructions and the absorbance of each sample was
read at 450 nm and 570 nm using a Varioskan Flash multimode plate reader, whereby
the quantity of IL-6 or IL-8 present was deduced by calculating against a standard curve

(Appendix 3.1 and 3.2).

5.2.5. Statistical analysis
Two-way analysis of variance (ANOVA) followed by Tukey’s post-hoc analysis was
performed to determine statistical differences in all studies described in this chapter,
unless otherwise stated. All statistical tests were performed using GraphPad Prism v6
(GraphPad Software Inc., CA, USA). Error is reported as standard error of the mean (SE)
and significance was determined using a probability value of P < 0.05. A minimum of n

= 3 technical repeats and independent replicates was performed for all experiments.
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5.3.Results

5.3.1. Development of a cell based assay to determine anti-inflammatory

effects of the atRA SLN formulation

3 ] a
v -mi YR ¢bCh

Initial investigations aimed to ascertain whether A549s could be “activated” using the
pro-inflammatory molecules IL-1B and TNF-a, and if so, which molecule would result in
the greatest activation. This experimental design aimed to create a simple in vitro
environment whereby A549 lung epithelial cells, which are often used as a model for
alveolar cells, would be producing increased levels of inflammatory cytokines such as is
seen in conditions like COPD. Inflammatory cytokines measured by ELISA included IL-6

and IL-8 — two prominent molecules present in COPD, as discussed in section 5.1.

Results shown in Figure 5.4 show IL-6 and IL-8 concentrations following activation of
A549s using either IL-1B or TNF-a, compared with a non-activated control. Significantly
higher concentrations of both IL-6 and IL-8 can be observed following activation with
both molecules (P < 0.0001) however, IL-1B results in significantly more IL-6 and IL-8
than TNF-a from 24 h onwards. As a result of this, IL-1B was selected as our activator of

choice for all subsequent in vitro experiments.
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Figure 5.4. IL-6 and IL-8 levels as determined using ELISA following activation of A549 cells with IL-18 or
TNF-a, versus non-activated A549 cells as a control. Results indicate significantly higher levels of both IL-6
and IL-8 when cells are treated with IL-18 or TNF-a. However, significantly higher levels of IL-6 and IL-8
result from activation with IL-18 compared with TNF-a. Results are presented as mean cytokine

concentration * SE. Significance determined by two way ANOVA followed by Tukey’s post hoc test. *** =

P <0.0001.

201



3 B
A549 viability assays were carried out to determine biocompatibility of the atRA SLN
formulation, and also to confirm that potential changes in inflammatory cytokine levels
was not due to a drop in cell viability (Figure 5.5). A CCK-8 assay was selected which
utilises a tetrazolium salt, WST-8, which is reduced by cellular dehydrogenases to an
orange, water soluble formazan product [333,334]. The amount of formazan produced
was directly proportional to the number of live cells. Addition of both low dose (5
ug/mL) and high dose (10 pg/mL) atRA SLNs to A549s resulted in no significant
reduction in cell viability over the study duration of 72 h. Raw atRA and blank SLNs,
which were used as controls, also showed biocompatibility with A549s. An increase in
% viability was observed at the early time point of 4 h — it is possible that this is due a
potential transient increase in cellular metabolic activity on addition of atRA and/or
SLNs to the cells. As the CCK-8 assay is based on metabolic activity, an increase may
result in an increase in observed viability, which then returns to expected levels at the

24 h time point.
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Figure 5.5. Average cell viability following addition of atRA SLN formulations to activated A549s over a
period of 72 hours. Untreated A549 cells were used as a control, as were raw atRA and blank SLNs. Assay
was performed using a CCK-8 viability kit, according to the manufacturer’s specifications. 280% viability
indicates biocompatibility according to I1SO standards [230]. Results are presented as mean cell viability +

SE. Significance determined via two-way ANOVA, with Dunnett’s post hoc test. ** = P<0.001.
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Quantification of the anti-inflammatory response of activated A549 cells to the atRA
SLN formulation showed a similar pattern for both IL-6 and IL-8 (Figure 5.6). For both
cytokines, the atRA SLN formulation results in a significant (P < 0.001) dose dependant
reduction in concentration at both 48 h and 72 h, when compared with blank SLNs and
untreated A549s. With respect to IL-8, this effect is also observed at the early time
point of 24 h. The reduction in IL-6 and IL-8 is observed when A549s are treated with
the high dose (HD = 10 ug/mL) atRA SLNs, though a significant reduction in IL-6 was

also observed with LD atRA SLNs at the 72 h time point.
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Figure 5.6. Average IL-6 and IL-8 concentrations following treatment of IL-16 activated A549s with either
raw atRA, low dose atRA SLNs (LD = 5 ug/mL), high dose atRA SLNs (HD = 10 ug/mL) or blank SLNs.
Significantly reduced levels of both IL-6 and IL-8 result from addition of the HD atRA SLN formulation
compared with untreated A549s alone, at 24 h, 48 h and 72 h for both cytokines. Results are presented as

mean # SE. Significance determined via two-way ANOVA, with Tukey’s post hoc test. * = P<0.05, ** =

P<0.001.
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5.3.2. & atRA SLN/Respiragel formulation
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A549 viability assays were performed to ensure that the addition of the Respiragel to
the atRA SLNs did not have any adverse effect on viability. Addition of both low dose (5
pug/mL) and high dose (10 pg/mL) atRA SLN Respiragel to A549s resulted in no

significant reduction in cell viability over the study duration of 72 h (Figure 5.7).
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Figure 5.7. Average A549 cell viability following addition of atRA SLN loaded Respiragel formulations over
a period of 72 hours. Untreated A549 cells were used as a control, as were raw atRA Respiragel and blank
SLN loaded Respiragel. Assay was performed using a CCK-8 viability kit, according to the manufacturer’s
specifications. 280% viability indicates biocompatibility according to ISO standards [230]. Results are

presented as mean cell viability + SE. Significance determined via two-way ANOVA, with Dunnett’s post

hoc test. No significance observed.
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For both cytokines, the atRA SLN/Respiragel formulation results in a significant dose

dependant reduction in concentration at 72 h, when compared with untreated IL-1
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activated A549s (Figure 5.8). The reduction in IL-6 and IL-8 is observed when A549s are
treated with high dose (HD = 10ug/mL) atRA SLN/Respiragel formulation, and not with
the LD formulation. This is similar to what was observed for A549s treated with atRA
SLNs alone (shown previously in Figure 5.6) in that the HD SLNs resulted in an anti-
inflammatory effect which was observed at the 72 h time point. For atRA SLNs alone

however, this effect was also seen earlier, at 48 h for IL-6 and at 24 h and 48 h for IL-8.
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Figure 5.8. Average IL-6 and IL-8 concentrations following treatment of IL-16 activated A549s with either
raw atRA Respiragel, low dose atRA SLN Respiragel (LD = 5 ug/mL gel), high dose atRA SLN Respiragel
(HD = 10 ug/mL gel) or blank SLN Respiragel. Significantly reduced levels of both IL-6 and IL-8 result from
addition of the HD atRA SLN/ Respiragel formulation at 72 h compared with untreated A549s alone and
also raw atRA Respiragel. Results are presented as mean * SE. Significance determined via two-way

ANOVA, with Tukey’s post hoc test. * = P<0.05, ** = P<0.001.
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5.3.3. Development of a cell based assay to determine the anti-inflammatory

effects of the hMSC/Respiragel formulation
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Addition of hMSC/Respiragel to NFkB A549s resulted in no significant reduction in cell
viability over the study duration of 72 h (Figure 5.9). Greater than 100% viability in this
group compared with A549s alone could be a result of migration of hMSCs out of the
gel and into the well with A549s, resulting in both cell types being counted. As the CCK-
8 assay is based on metabolic activity and is not cell type specific, the presence of both
cell types in the well would likely result in an increase in observed viability. Respiragel
alone also maintained viability of A549s, which was expected due to previous
biocompatibility work with hMSCs presented in chapter 2 (section 2.3.6). One control
group, Respiragel + MSCs should have resulted in no viability, due to no seeded A549s
— however, the low viability signal here could again be attributed to some migration of

hMSCs out of the gel and into the media or well.
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Figure 5.9. Average A549 cell viability following addition of the hMSC/Respiragel formulation over a

period of 72 hours. Untreated A549 cells were used as controls. Assay was performed using a CCK-8
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viability kit, according to the manufacturer’s specifications. >280% viability indicates biocompatibility
according to ISO standards [230]. Results are presented as mean cell viability + SE. Significance

determined via two-way ANOVA, with Tukey’s post hoc test.
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Quantification of the anti-inflammatory response of activated NFkB A549 cells to the
hMSC loaded Respiragel formulation was achieved using ELISA. A similar pattern is
observed for both cytokines (Figure 5.10A) with no significant reduction in IL-6 or IL-8
concentrations at any time point when compared with the activated A549 alone
control. Infact all treatment groups (hMSC alone, Respiragel alone, hMSC/Respiragel)
showed significantly higher production of both IL-6 and IL-8 at 24, 48 and 72 h (P <
0.0001) relative to the A549 untreated control, with hMSCs alone showing the highest
production of IL-6 and IL-8. When hMSCs alone are compared with Respiragel alone
and hMSC/Respiragel combination, IL-6 and IL-8 production is again significantly
higher. These results suggest that hMSCs may exert a pro-inflammatory effect rather
than anti-inflammatory as had been originally hypothesised, and encapsulation within

the hydrogel may dampen down this response.

As part of this study, a luciferase assay was also performed in order to ascertain which
cell type in the co-culture was responsible for the modulation of cytokine levels (Figure
5.10B). As described in section 5.2.3.1, when NFkB A549s are activated, the luciferase is
released, allowing the signal to be measured via a luciferase assay. Fold induction was
calculated based on A549s which were not activated with IL-1B or subsequently treated
with any formulation. A549s which were activated with IL-18 but not subsequently
treated were used as a positive control for activation — showing a time dependant
increase in NFkB induction thus confirming the pro-inflammatory activity of IL-1B on
A549s. However, all treatment groups showed an immediate increase in NFkB

induction at 24h followed by a reduction thereafter. The hMSC/Respiragel formulation
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may be having an anti-inflammatory effect due to reduction in NFkB expression in A549
cells. This effect is also observed for the hMSC alone treatment group and also the
Respiragel alone treatment group, indicating that both the hMSCs and the gel
independently result in a reduction in NFkB mediated inflammation. This also indicates
that, as a potential anti-inflammatory effect is observed through a reduction of NFkB in
A549 cells, the corresponding increased concentrations of IL-6 and IL-8 in media may
be being produced by hMSCs as opposed to the A549s. Alternatively, IL-1B may be
activating another inflammatory pathway in A549s in addition to the NFkB pathway,

which may not be down-regulated following addition of hMSCs.
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Figure 5.10(A). IL-6 and IL-8 concentrations following treatment of IL-18 activated NFkB A549s with hMSC
loaded Respiragel, Respiragel alone, or hMSCs alone. Significantly lower levels of both IL-6 and IL-8 result
from addition of hMSC/Respiragel formulation compared with hMSCs alone, but not when compared
with IL-18 activated NFkB A549s. Results are presented as mean * SE. Significance determined via two-
way ANOVA, with Tukey’s post hoc test. * = P < 0.05, *** = P < 0.001,**** = P < 0.0001; (B) Fold NFkB
induction obtained through detection of luciferase, integrated as a reporter in A549s. A549s treated
using the Respiragel/MSC formulation experience a down-regulation in NFkB production, indicating an
anti-inflammatory effect of this formulation. hMSCs alone are also anti-inflammatory due to down-
regulation of NFkB, and the gel alone containing no cells also appears to have an anti-inflammatory
effect at 48 h. Results are presented as mean + SD. Significance determined via two-way ANOVA, with

Tukey’s post hoc test. *** = P <0.001, **** = P < 0.0001.

hMSC seeding densities of 1,000,000 cells/gel and 2,000,000 cells/gel were compared
with the original density of 250,000 cells/gel. Quantification of the inflammatory
response of NFkB A549 cells to the increased density hMSC/Respiragel formulations
was achieved using ELISA. A similar pattern is once again observed for both IL-6 and IL-
8 (Figure 5.11A) with significantly increased levels of IL-6 and IL-8 in all groups when
compared with the untreated A549 control, and also to the original 250,000 cells/gel
group. Once again, the 250,000 hMSC/Respiragel group is not significantly different to
the Respiragel alone group in terms of IL-6 and IL-8 production (as was the case in
Figure 5.10A). Also of note is the fact that the 1M and 2M hMSC/Respiragel groups
produce the same amount of IL-6 and IL-8 as the 250,000 hMSCs delivered alone (not
suspended in hydrogel). This indicates that a much higher density of hMSCs results in
the same production of cytokines as a lower density, once they are encapsulated in the
hydrogel. This could possibly indicate an anti-inflammatory effect of the Respiragel, as

suggested in relation to the fold NFkB induction observed in Figure 5.10B, which
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showed progressive time dependant reductions in NFkB induction following treatment

of IL-1P activated A549s with the Respiragel alone group.

The luciferase assay was then performed to determine the origin of the response.
Figure 5.11B indicates that all three “doses” of hMSCs in the Respiragel/hMSC
formulation may be having an anti-inflammatory effect due to reduction in NFkB
expression, though a transient increase in NFkB induction is observed in the 250,000
hMSC group and the 1 M hMSC group at the early time point of 4 h. MSCs alone once
again appear to have an anti-inflammatory effect, as seen previously in Figure 5.10B as
does Respiragel alone, corroborating the findings of our previous experiments, and
indicating that the inflammatory effects detected by ELISA may be due to activation of
the MSCs with the IL-1B and their own subsequent production of cytokines, rather than

cytokine production by A549s.
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Figure 5.11(A). IL-6 and IL-8 concentrations following treatment of IL-18 activated NFkB A549s with hMSC
loaded Respiragel at 3 increasing seeding densities of cells: 250,000 cells/gel (usual dose), 1,000,000
cells/gel and 2,000,000 cells/gel, 250,000 hMSCs alone or Respiragel alone. The increase in cell number
did not lead to an improved anti-inflammatory effect — in fact, increased hMSC numbers resulted in
higher levels of IL-6 and IL-8. Results are presented as mean * SE. Significance determined via two-way
ANOVA, with Tukey’s post hoc test. * = P<0.05, ** = P<0.01 and *** = P < 0.0001; (B) Fold NFkB induction
obtained through detection of luciferase, integrated as a reporter in A549s. A549s treated using the
Respiragel/MSC formulation experience a down-regulation in NFkB production, indicating an anti-
inflammatory effect of this formulation. This appears to be consistent with all three doses of hMSCs used,
though a dose of 2 x 10° cells was the only dose which did not produce an increased NFkB expression at
the early time point of 4 h. hMSCs alone are also anti-inflammatory due to down-regulation of NFkB, and
the gel alone containing no cells also appears to have an anti-inflammatory effect at 48 h. Results are
presented as mean * SD. Significance determined via two-way ANOVA, with Tukey’s post hoc test. * =

P<0.05,** = P<0.01,*** = P<0.001, **** = P<0.0001.
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5.4.Discussion

The benefits of localised therapeutic delivery to a target site are considerable, including
increased efficacy and decreased toxicity [335] — benefits which are relevant and
applicable across a range of clinical conditions. Therefore, the use of materials that can
support the loco-regional delivery of both cells and small molecules represents a
clinically appealing approach. In this thesis thus far, we have developed a solid lipid
nanoparticle formulation for the delivery of all-trans Retinoic Acid and a
thermoresponsive hydrogel for delivery of stem cells — formulations which represent
two different approaches for the direct delivery of therapeutic agents. In this thesis
chapter, we report on the effect of each of these formulations with respect to changes

in cytokine levels in an in vitro model of inflammatory lung disease.

As previously discussed in the introduction to this chapter, A549 cells were selected as
our alveolar epithelial cell line model, due to the difficulty in acquiring human alveolar
epithelial cells (hAEpCs) and also their historical use as an appropriate model. Initial
studies aimed to confirm that TNF-a and IL-1B were able to activate or stimulate the
A549 cells, which has been previously reported on in the literature [328,329,336,337].
Activation of A549 cells using both TNF-a and IL-1pB resulted in a significant increase in
both IL-6 and IL-8 concentrations in cell culture supernatant (Figure 5.4). This effect is
likely due to activation of NFkB signalling pathways within the cell, which is generally
recognized to be one of the most important pro-inflammatory signalling pathways in
the body, largely due to the role of NFkB in the expression of pro-inflammatory genes
including cytokines, chemokines, and adhesion molecules (Figure 5.12) [332]. Both IL-
1B and TNF-a are known to be able to initiate transcription of chemokine genes via
NFkB activation, albeit employing different cellular receptors and adaptor molecules
[338-340]. Five different protein sub-units constitute the NFkB family (p50, p52,
p65/RelA, RelB and c-Rel) [341]. Interaction between different sub-units results in

dimers that are active upon phosphorylation and in recent years, it has become evident
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that there are at least two separate pathways for NFkB activation. The “canonical”
pathway is triggered by microbial products and pro-inflammatory cytokines such as IL-1
and TNF-a, usually leading to activation of p50 and p65/RelA complexes resulting in
regulation of expression of pro-inflammatory and cell survival genes [342]. An
“alternative” NFkB pathway is activated by TNF family cytokines, but not TNF-a, and
results in activation of p52/RelB complexes. This leads to the regulation of genes
required for B-cell activation [343]. Based on these mechanisms, we postulate that
TNF-a and IL-1B stimulate the canonical NFkB signalling pathway, resulting in increased
transcription of genes related to inflammatory proteins leading to higher supernatant
levels of IL-6 and IL-8 (and possibly further cytokines and chemokines which were not
evaluated over the course of this study). It was also noted that significantly higher
levels of IL-6 and IL-8 were achieved following activation with IL-18 when compared
with the TNF-a activated A549s. Based on this finding, IL-1B was selected as our

activator of choice for all subsequent in vitro experiments.
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Figure 5.12. The classical NF-kB pathway is activated by a variety of inflammatory signals, resulting in
coordinated expression of multiple inflammatory and innate immune genes. The pro-inflammatory
cytokines IL-18 and TNF-a activate NFkB and their expression is induced in response to NFkB activation,

thus forming an amplifying feed forward loop. Reproduced from [342].

The first formulation to be assessed was the atRA SLN formulation. ELISA was used to
assess the effect of the atRA SLNs on IL-6 and IL-8 levels. Two different “doses” of atRA
SLNs were assessed — a “low dose” of 5 ug/mL and a “high dose” of 10 pg/mL. These
doses were selected based on previous reports in the literature and also within our
wider research group indicating biocompatibility and a cellular response. Research in
our group, carried out by O’Leary et al, showed a concentration of 10 pg/mL atRA
loaded into a bi-layered scaffold to be optimal for enhancing gene expression for
mucociliary differentiation of primary tracheobronchial cells [299]. Further research
conducted outside of this group by Gray et al [100] also found that atRA, at a

concentration of 5 x 108 M, was essential for induction of mucociliary differentiation in
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in vitro normal human tracheobronchial epithelial (NHTBE) cells. The selected “doses”
of 5-10 pg/mL fall within this previously investigated range [344]. A CCK-8 viability
study showed atRA SLNs and blank SLNs to be non-toxic at the doses selected (Figure
5.5), confirming results found in section 4.3.5. This was anticipated due to the
biocompatibility of the drug molecule used and all excipients selected, coupled with
numerous previous research articles indicating the low cytotoxicity associated with
similar SLNs [304—-306]. This also complies with the International Organisation for
Standardisation guidelines (ISO 10993-5:2009) [230], which states that samples with a

cell viability larger than 80% can be considered non-cytotoxic.

Anti-inflammatory assessment of the atRA SLN formulation showed significant
reduction in both investigated cytokines, when compared with untreated A549s, and
also blank SLNs as controls. At 48 h, IL-6 was significantly reduced by the HD atRA SLN
formulation, and at 72 h significance was achieved using both LD- and HD atRA SLNs. In
terms of IL-8, concentrations were reduced at 24 h, 48 h and 72 h by HD atRA SLNs. As
previously discussed in Chapter 1 of this thesis, atRA is known to possess
immunomodulatory and anti-inflammatory properties, though often these effects have
been investigated in relation to other inflammatory conditions than those present in
the lung, such as arthritis [105], acne [106] and psoriasis [107]. These reports appear to
reach similar conclusions, in that in inflammatory conditions, atRA can significantly
reduce concentrations of pro-inflammatory cytokines, including IL-1p, IL-6, IL-12 and
TNF-a. As previously mentioned, this body of research highlighting the
immunomodulatory and anti-inflammatory activity of atRA prompted our hypothesis
that this could be translated to other inflammatory conditions, and specifically COPD,
targeting the inflammatory pathogenic component of the disease — which, to the best
of our knowledge, is an application of atRA which has not been investigated previously.
The effect of atRA on A549s in terms of immunomodulatory effects has been poorly
investigated to date however it is known that atRA binds to retinoic acid receptors
(RARs) and retinoid X receptors (RXRs). One previous study carried out by Kirchmeyer

et al [345] investigating the mechanism of reduction in IL-6 in rheumatoid arthritis,
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found that atRA suppresses IL-6 production through a mechanism independent of RAR,
but rather through inhibition of the extracellularly regulated kinase 1/2 (ERKi/)
pathway. Detailed further analysis would be required in order to accurately evaluate
the mechanism of action of atRA however, the reduction in pro-inflammatory cytokine
levels in this model is important as it indicates that atRA SLNs may have potential

therapeutic applications in COPD, which is characterised by chronic inflammation.

While the more common approach for drug delivery to the lung is via aerosol devices,
these are associated with issues such as deposition at areas other than the alveoli,
along with mucociliary clearance and macrophage phagocytosis prior to the desired
therapeutic action [346,347]. Recent advances in minimally invasive medical devices
and imaging technology on the other hand, can enable loco-regional site specific
delivery to diseased sites of the lung, aiding in the repair of damaged tissue through a
reduction in the destructive inflammatory cytokines. The use of a thermoresponsive
hydrogel as a delivery vector for atRA SLNs was considered to be of potential benefit
due to its ability to form a robust bolus at the site of delivery on reaching the boundary
temperature of 37°C. Anti-inflammatory assessment of atRA SLN loaded Respiragel was
again carried out in terms of IL-6 and IL-8 cytokine levels with the appropriate controls.
In terms of both cytokines, no immunomodulatory effect was observed until 72 h, at
which point a significant reduction in both IL-6 and IL-8 levels was observed as a result
of treatment with the HD atRA SLN Respiragel formulation (Figure 5.8). This was a
similar result to that which was observed from treatment with HD atRA SLNs alone in
Figure 5.6, indicating that atRA remains bioactive following loading into the hydrogel.
The difference in this instance is that the response is more delayed, which may be
attributed to the differences in release profiles between atRA SLNs alone and atRA

SLNs loaded in Respiragel (Figure 4.12A).

This in vitro model was then utilised to assess the anti-inflammatory effects of the
hMSC/Respiragel formulation. Due to the presence of a second cell type in this system

(i.e. hMSCs as well as A549s), it was essential that any potential immunomodulatory
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effect could be attributed to one cell type or the other, rather than quantifying
cytokines which could be being released from either cell type without distinction.
Based on this, A549-NFkB-luciferase cells (Signosis Inc.) [348] were used. These cells
have been stably transfected with a luciferase reporter vector, which contains four
repeats of the NFkB binding sites — a promoter upstream of the firefly luciferase coding
region. This means that when NFkB is activated, the luciferase is released and can be
detected in the form of luminescence (Figure 5.13). Therefore, the cell line can be used
as a reporter system for monitoring the activation of NFkB triggered by stimuli
treatment, enforced gene expression and gene knockdown. In this case, we are looking
at NFkB triggered by stimuli treatment using either TNF-a or IL-1B, which activate the
NFkB signaling pathways, as mentioned earlier in this discussion. In these studies, the
higher the luminescence signal, the more NFkB activation, or NFkB mediated

inflammation.
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Figure 5.13. Principle behind NFkB luciferase reporter assay. Activation of the NFkB (transcription factor)
through the use of an extracellular stimuli such as IL-18 results in translocation of the NFkB to the nucleus
and interaction with relevant co-factors to drive gene expression. Once luciferase is expressed, it can
generate light in an enzymatic assay and the amount of light measured is positively correlated with the

level of NFkB activation.

Prior to assessing the anti-inflammatory effects of the hMSC/Respiragel formulation,
biocompatibility with activated A549s was confirmed using a CCK-8 assay (Figure 5.9).
No significant difference in viability of A549s was observed when cultured in the
presence of the hMSC/Respiragel formulation, or the Respiragel alone control. This is in
line with ISO standards for cytotoxicity of medical devices, which requires greater than
80% viability of cells [230]. Biocompatibility of the formulation with A549 cells was
expected, due to previous assessment of biocompatibility of Respiragel with hMSCs
(section 2.3.6), and the general consensus that cell lines are more robust than primary

cultures, however this provided validation for future experiments.

Assessment of the potential anti-inflammatory response of NFkB A549 cells was
determined via ELISA, allowing IL-6 and IL-8 media supernatant concentrations to be
qguantified (Figure 5.10A). It was hypothesised that treatment of activated NFkB A549s
with the hMSC/Respiragel formulation would result in reduction in IL-6 and IL-8 levels
due to the paracrine response elicited by hMSCs. As discussed in Chapter 1 of this
thesis, MSCs are thought to release a variety of mediators in response to a specific
microenvironment that may include the down-regulation of pro-inflammatory
cytokines and the up-regulation of anti-inflammatory cytokines [56], which has been
demonstrated in in vitro models of ALl to date [61]. For both cytokines however, the
hMSC/Respiragel formulation on activated NFkB A549s did not result in a reduction in
concentration at any time point when compared with the activated A549 alone control.
In fact the opposite was observed, in that the hMSC/Respiragel/A549 group resulted in
significantly higher levels of both IL-6 and IL-8 at 24, 48 and 72 h (P < 0.0001) indicating

a potentially pro-inflammatory effect. In addition to this, the hMSC/Respiragel
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combination appears to result in similar IL-6 and IL-8 concentrations as the Respiragel
alone (no hMSC) group, indicating that the hMSCs encapsulated within the gel are not
having any effect on detected cytokine levels. It also appears that the no Respiragel
group, which involved hMSCs delivered un-encapsulated in the same well as A549s
results in significantly higher levels of IL-6 and IL-8 compared with the
hMSC/Respiragel/A549 formulation. As hMSCs alone appears to have the highest pro-
inflammatory effect, and those encapsulated in the gel have a lesser pro-inflammatory
effect, this may indicate that encapsulation of hMSCs within the gel prevents them
from coming into direct contact with IL-1B in the media, resulting in less activation of
hMSCs and a subsequent reduced release of IL-6 and IL-8. This theory could be
compounded by findings in Chapter 2 of this thesis, where the hydrogel was shown to
have a robust internal 3D structure, and also to permit only slow diffusion of dye
(section 2.3.3), therefore highlighting the obstacles to movement of molecules in and

out of the gel.

As part of this study, a luciferase assay was also performed in order to ascertain
whether the effect was as a result of the A549 cells in culture or as a result of the
hMSCs in the hydrogel (Figure 5.10B), as mentioned earlier in this discussion. Fold
induction was calculated from A549s which were not activated with IL-1B or
subsequently treated with any formulation. A549s which were activated with IL-1B but
not subsequently treated were used as a positive control for activation — showing a
time dependant increase in NFkB induction thus confirming the pro-inflammatory
activity of IL-1PB on A549s. Progressively decreasing levels of NFkB were observed from
24 h onwards for the hMSC/Respiragel group compared with A549s activated with IL-
1B but without a subsequent treatment. This indicates that NFkB mediated production
of IL-6 and IL-8 is reduced, demonstrating a potential anti-inflammatory effect of the
hMSC/Respiragel formulation which is not detected using ELISA. This effect is also
observed for the hMSC alone treatment group and also the Respiragel alone treatment
group, indicating that both the hMSCs and the gel independently result in a reduction

in NFKB mediated inflammation. This also indicates that an unknown amount of IL-6
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and IL-8 being detected may be produced elsewhere, which could be attributed to
hMSC production of such cytokines. Previous studies have shown that hMSCs may be
stimulated with IL-1B (and indeed, TNF-a, though this was not used in combination
with hMSCs in this study). Research carried out by Broekman et al [349], investigated
the effect of IL-1B or TNF-a activated MSCs on epithelial wound healing. Among other
results reported, they found that stimulation of MSCs with either IL-1 or TNF-a
resulted in increased expression of IL-6 mRNA. A further study, conducted by Heo et al
[350] found that TNF-a induced adipose derived MSCs produced IL-6 and IL-8. A review
article by Bernardo et al [351] also discusses the enhancement of an immune response
by MSCs through the production of chemokines such as CXCL-9, CXCL-10, and CXCL-11
upon stimulation with pro-inflammatory cytokines, among others. In vitro studies with
murine and human MSCs suggest that these stimulatory effects only occur when MSCs
are exposed to sufficient levels of pro-inflammatory cytokines, such as TNF-a and IFN-
y. Based on the previous literature surrounding the behaviour of MSCs, it could be
concluded that, if the MSCs are indeed producing a portion of IL-6 and IL-8 quantified,
this may also be in response to stimulation with the pro-inflammatory cytokine, IL-1pB.
The therapeutic delivery of MSCs into an inflammatory environment therefore does
not necessarily mean that they will behave in an anti-inflammatory manner in order to
modulate the inflammatory environment. In fact, the “plasticity” of MSCs, means that
the type and intensity of inflammatory stimulus may confer the ability to suppress an
immune response in some cases or in others, enhance it [352]. The papers referenced
above, which discuss the activation of MSCs in wound healing, report on the benefits of
MSCs being driven down a pro-inflammatory route, as this of great importance in a
wound healing applications in terms of the recruitment of lymphocytes to accelerate
the healing process. However, in chronic inflammatory conditions, such as COPD,
where inflammation triggers repeated cycles of exacerbations, enhancement of the
inflammatory environment is not the required response. Research presented in a
review article by Wang et al discusses how the concentration of inflammatory

cytokines determines the immunomodulatory effect of MSCs [352]. They hypothesise
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that during times of strong inflammation (i.e. in an acute phase of disease), MSCs can
be rendered immunosuppressive, whereas during times of weak inflammation (such as
would be observed during a chronic or relapse phase), MSCs may enhance the immune
response. Taking into account this relative lack of predictability of the behaviour of
MSCs once transplanted in vivo and the potential for enhancement of a pro-
inflammatory response, the use of MSCs as a treatment approach in chronic
inflammatory conditions may be difficult to achieve in reality. As these effects are
difficult to capture in standard in vitro assays, and due to the difficulty in adequately
modelling functionally relevant behaviours for transplanted cells, further assessment
would be required to confirm whether this is the case. While some additional work
could be done in vitro by way of assessment of stimulation of MSCs alone using IL-1p,
and also gene expression assays via polymerase chain reaction (PCR), in vivo studies
would be pivotal in accurately measuring treatment and formulation efficacy. These
studies are more useful for assessing the outcomes in a complex environment with the
interplay of multiple factors determining effects. This will be addressed in further detail

in the future work section of this thesis.

Further studies investigated whether an increased hMSC loading dose in Respiragel
would lead to changes in IL-6 and IL-8 levels. As previously discussed in section 2.4 of
this thesis, the loading dose of 250,000 cells/ 0.5 mL gel was selected based on
rheological characterisation of the cell loaded hydrogel at varying seeding densities. At
this point, the seeding density could have been revised had a reduction in
inflammatory cytokine levels been achieved. From Figure 5.11A, it is evident that an
increase in hMSC number resulted in further increases in IL-6 and IL-8 concentration,
which is once again in contrast to the fold-NFkB induction (Figure 5.11B), where a
reduction in induction is observed from 24 h onwards in all hMSC/Respiragel groups.
This adds further weight to the hypothesis that the MSCs are indeed being stimulated
by IL-1B in the system, resulting in increased expression of IL-6 and IL-8 from the MSCs

and a heightened pro-inflammatory environment, and supports the statement
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previously where further analysis of this system is required to determine gene

expression from MSCs and in vivo effects.

226



5.5.Conclusion

The results presented in this Chapter indicate the promise of the atRA SLN formulation
in modulating the inflammatory environment present in COPD, though simultaneously
shedding some doubt on the use of hMSCs for this application. The atRA SLN
formulation and the atRA SLNs suspended in Respiragel were assessed for their
biocompatibility with a respiratory cell line (A549s) in this Chapter, as well as for their
anti-inflammatory effects. Both investigated formulations were shown to be
biocompatible with the alveolar lung cell line. HD atRA SLNs (10 pg/mL) resulted in a
reduction in IL-6 and IL-8 compared with untreated A549s, indicating promise for atRA
as an anti-inflammatory agent in the treatment of inflammatory lung disease. atRA
SLNs retained this effect when loaded into the Respiragel formulation, though
sustained release of atRA led to a delay in the observed effect to 72 h. As mentioned in
Chapters 2 and 4, Respiragel could be easily and directly delivered to the distal airways
using emerging medical device and interventional pulmonology techniques allowing
loco-regional delivery of therapeutics, highlighting the promise of formulations such as
these in what is becoming a more widely researched field. The hMSC/Respiragel
formulation was also biocompatible and appeared to result in a reduction in NFkB
activation when compared with untreated A549s, indicating a potential role in reducing
NFkB mediated inflammation. Conversely, levels of IL-6 and IL-8 were raised on
detection using ELISA. We postulate that the increase in IL-6 and IL-8 levels may be due
to IL-1B mediated activation of hMSCs, resulting in up-regulated production of pro-
inflammatory cytokines. It is difficult to hypothesise the effect that this might have in
vivo, though hMSCs are known to induce both pro- and anti-inflammatory responses.
Additional detailed analysis of this mechanism is required prior to furthering the use of

hMSCs for chronic inflammatory conditions such as COPD.
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6. Discussion
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6.1.0verview

The overall objective of the research presented in this PhD thesis was to develop novel
delivery systems suitable for minimally invasive drug and cell delivery, for potential
applications in the treatment of COPD. Our central hypothesis was that hydrogels and
solid lipid nanoparticles can be used as drug and cell delivery vectors, which are then
capable of exerting an anti-inflammatory effect on the local environment present in
chronic lung conditions such as COPD. Currently utilised therapeutic strategies for the
treatment of COPD are suboptimal and a loco-regional delivery approach may offer the

opportunity to enhance clinical outcomes in the disease.

Chronic Obstructive Pulmonary Disease (COPD) is a major public health issue, affecting
64 million people globally, and is being predicted to become the third leading cause of
death worldwide by 2030 [15]. COPD is defined as a lung disease characterised by
chronic obstruction of lung airflow that interferes with normal breathing and is not
fully reversible. This obstruction is present due to a combination of airway and
parenchymal damage, associated with an enhanced chronic inflammatory response in
the airways and the lung to noxious particles or gases present in tobacco smoke [18].
Despite the significant evolution of medical treatment options for COPD in the last two
decades, it is still an incurable disease. Medical treatment options for non-hospitalised
patients primarily aim for symptomatic control. One surgical option for patients in
advanced COPD is lung volume reduction surgery (LVRS), which involves resection of
emphysematous destroyed parts of the lung [31]. However, LVRS is associated with
high morbidity, hospitalisation and operative mortality [33,34] as well as limited
availability of the treatment to date. In addition to this, it does not treat or address the
underlying disease state or progressive damage being caused, and due to its invasive
nature is only introduced at an advanced disease stage. In the case of failure of these

management strategies, patients in advanced COPD face lung transplantation, which is
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limited by a number of complications such as the supply of acceptable donor organs,

lifelong immunosuppressive therapies and possibility of infection [45,46].

The unsatisfactory clinical outcomes associated with current treatment options for
COPD has resulted in the need to investigate other advanced therapeutic options. In
this thesis, we aimed to investigate the use of therapeutic approaches targeting the
inflammatory component of COPD, which if treated may result in a reduction in the
physical damage to lung tissue and potentially the ability to regenerate healthy tissue.
Approaches investigated throughout this thesis include the use of hydrogels as a
biomaterial scaffold and as a delivery vector, capable of supporting the encapsulation
of stem cells; hMSCs as an encapsulated paracrine therapeutic agent; nanoparticles for
drug delivery; and finally all-trans Retinoic Acid as an anti-inflammatory small molecule

drug.

Development and assessment of a methylcellulose, collagen and beta-
glycerophosphate based hydrogel, for its thermoresponsive properties and ability to
maintain viability of encapsulated stem cells, was investigated in Chapter 2.
Assessment of two alternative, synthetic, self-assembling hydrogels, Star-PLL-PLT and
Linear-PLL-PLT, also for their ability to deliver cells in a minimally invasive manner was
performed in Chapter 3. Formulation and characterisation of atRA loaded SLNs was
performed in Chapter 4, due to previous publications supporting its anti-inflammatory
effects in other chronic inflammatory conditions. Finally, in vitro assessment of the
anti-inflammatory activity of the hMSC loaded hydrogel, the atRA SLNs and the atRA

SLN loaded hydrogel formulations was carried out in Chapter 5.

The remainder of this chapter summarises the key findings and implications from each
individual results chapter within this thesis and reviews outstanding questions and

possible future directions which have arisen from this research.
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6.2.Chapter 2: Formulation and physicochemical characterisation of
a thermoresponsive methylcellulose, collagen and beta-

glycerophosphate hydrogel

As mentioned throughout this thesis, loco-regional delivery of therapeutic agents has
the potential to significantly enhance clinical outcomes in disease, through the
targeting of treatments directly to the site of injury. The development of new materials
which can enable this as well as promoting retention at the delivery site and controlled
release of the therapeutic agent, are of utmost importance in furthering research in
this field. Injectable hydrogels represent attractive platforms for the delivery of
biotherapeutics, which can provide a depot for the controlled release of small molecule
drugs and growth factor therapeutics and also provide a surrogate microenvironment
for live cells, which have specific needs in order to be delivered effectively, retain

viability and demonstrate therapeutic behaviour.

Chapter 1 of this thesis described current treatment strategies for COPD, with one
potential option being polymeric lung volume reduction surgery (PLVR). PLVR involves
the delivery of a synthetic polymer based hydrogel to emphysematous areas of the
lung, initiating an inflammatory reaction which collapses emphysematous tissue. This
approach provides proof of concept for the feasibility of loco-regional delivery to
diseased sites of the lung in COPD. However as with all COPD treatments, bar
transplantation, this approach aims to improve symptomatic control of the condition
without addressing the underlying pathophysiology. The premise of Chapter 2 is to
move that approach to the next stage in exploring the potential to develop a
biocompatible hydrogel suitable for loco-regional delivery to the lung. Such a material
could act as a carrier for drugs/cells providing the opportunity to exert a local
therapeutic effect for advanced disease. A methylcellulose, collagen and beta-
glycerophosphate thermoresponsive hydrogel (Respiragel) was developed to enable

the encapsulation and delivery of human mesenchymal stem cells (hMSCs) to the distal
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airways. It was hypothesised that this would allow for retention of hMSCs at the target

site, and mediation of the local inflammatory environment through a paracrine effect.

A rheological investigation of the thermogelling behaviour of 2% w/v MC found that
the inclusion of 5.6% w/v BGP resulted in a decrease of the sol-gel transition
temperature from ~70°C to be in line with that of physiological temperature (38°C).
Inclusion of collagen into the formulation and alteration of the MC concentration from
2% to 2.5% w/v resulted in an improved storage modulus and a final gelation
temperature of 37°C. Consequently, the formulation composed of 2.5% MC, 0.1%

collagen and 5.6% BGP (Respiragel) was utilised for all further experiments.

Respiragel was shown to be biocompatible with hMSCs suspended within Respiragel,
with cells remaining viable up to day 7 in culture, and observed to be stretching and
spreading within the hydrogel. In addition to this, cell proliferation was evidenced by
the fact that dsDNA levels increased over the duration of the 7-day gel culture period.
This was in sharp contrast to the non-collagen containing control, which showed
statistically less proliferation of encapsulated cells than the collagen containing gel. The
results from this study also correspond with these previous findings [163] in that cell
proliferation is markedly improved on inclusion of collagen, due to the availability of
attachment sites. This indicates the suitability of this material not only as a cell delivery

vector, but also as a material within which cells can remain viable and proliferate.

With translatability of our formulation in mind, we carried out injectability testing and
showed that it was possible for the solution to be passed through a 3 mL syringe, 3 mL
syringe plus 21G needle, and a 3 mL syringe plus 0.5 m catheter. Forces required fall
below the average at which males can push, and only the catheter falls at the threshold
of force which is average for females. This result is supported by flow rheology, which
shows the solution has shear thinning properties resulting in a rapid decrease in
viscosity on application of shear stress. On removal of the shear, it is able to recover its
original structure and is not adversely damaged by the shear thinning process. These

results in combination suggest that this hydrogel formulation is highly amenable to
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delivery via a minimally invasive injection, and that its structure recovers following this

process.

Sterility of any type of delivery vehicle for administration to a patient is of utmost
importance. Lyophilised polymer wafers were sterilised using gamma irradiation, and
no change in sol-gel transition was observed. A comparative study of hMSC viability
and proliferation in the irradiated gel versus the non-irradiated gel showed no

difference in viability or proliferation between the two groups at all time points.

6.3.Chapter 3: Development and physicochemical characterisation
of synthetic linear and star-shaped co-polypeptide based
hydrogels

While Chapter 2 established that a thermoresponsive natural polymer based hydrogel
could support cell viability and proliferation in vitro, Chapter 3 involved the
investigation of novel synthetic polymers as alternative materials that may also be
capable of supporting minimally invasive cell and drug delivery. Hydrogels obtained by
self-assembly of amphiphilic polypeptides represent a promising class of synthetic
material for such applications. Self-assembling hydrogels are of interest as their
arrangement can be rationally designed to be highly specific, tuneable, and reversible
and thereby contribute distinct and useful properties [204]. In addition to this, their
composition of chains of naturally occurring amino acids linked by conventional
peptide bonds renders them as biologically inspired (bioinspired) and confers natural

biodegradability [205].

Two synthetic self-assembling hydrogels were investigated in Chapter 3; Star-PLL-PLT
and Linear-PLL-PLT. These polymers self-assembled on addition of aqueous media and

readily formed hydrogels in less than 5 min. When rheologically characterised, the Star-
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PLL-PLT hydrogel showed superior internal strength and robustness versus the Linear-
PLL-PLT. This was evidenced by the higher storage moduli obtained from the Star-PLL-
PLT (6436 Pa versus 181.5 Pa for Linear-PLL-PLT). However, on application of strain,

both hydrogels appeared to revert to polymer solution form.

Injectability testing showed that both hydrogels could be passed through a range of
common clinical devices including a 1 mL syringe, 1 mL syringe plus 21G needle, and a 1
mL syringe plus 0.5 m catheter with very low forces required, though significantly lower
forces were required to push the Linear-PLL-PLT through the catheter compared with
the Star-PLL-PLT. This again highlighted the more robust nature of the Star-PLL-PLT,
possibly showing it to be the more appropriate choice over the Linear-PLL-PLT as a

vector for delivery of therapeutics in vivo.

In order to assess the Star-PLL-PLT and Linear-PLL-PLT for their ability to act as
minimally invasive cell carriers, determination of hMSC viability following suspension
within the gels was performed. Both gels showed a lack of biocompatibility with hMSCs

from 24 h onwards.

The results presented in this Chapter show the synthetic co-polypeptide based
hydrogels to be inferior to Respiragel presented in Chapter 2 of this thesis for the
application of cell delivery. The star-shaped and linear co-polypeptide based hydrogels
are not stimuli responsive, which would poses challenges should they progress to
clinical use. Pre-formed hydrogels require surgical implantation in situ which is
disadvantageous due to the invasive nature of the procedure. Respiragel, on the other
hand, is thermoresponsive, allowing minimally invasive delivery via syringing directly to
the injection site. Both the Star-PLL-PLT and the Linear-PLL-PLT were highly susceptible
to external forces, such as strain, shear stress and the presence of buffer, resulting in
disintegration and reversion to polymer solution form. They are also cytotoxic for
encapsulated hMSCs. Potential for these hydrogels is likely to not be in relation to cell

delivery applications, however, positive characteristics such as the high storage
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modulus observed with the Star-PLL-PLT, and their ease of injectability indicates that

they may have a role in alternative applications such as drug delivery.

6.4.A site-specific delivery platform for all-trans Retinoic Acid

(atRA) in pulmonary regeneration applications

The possibility of utilising a regenerative approach in the treatment of chronic lung
disease relies on the consideration of two broad strategic viewpoints. One such
approach is the utilisation of pharmacologically active molecules which can exert their
effect on a population of cells at the disease site [17]. One particular small molecule of
interest is all-trans Retinoic Acid (atRA) which has been shown to have both anti-
inflammatory and pro-regenerative properties, and has been explored for use in COPD.
In this Chapter, we aimed to formulate solid lipid nanoparticles (SLNs) encapsulating
atRA, for suspension within our selected hydrogel formulation allowing for subsequent
loco-regional delivery — a strategy which represents an innovative approach for
pulmonary delivery compared with their historical application as vectors for inhaled

delivery.

A final SLN formulation consisting of Compritol 888 ATO 5%, Poloxamer 188 1%, Tween
80 1% and atRA 1% relative to the lipid core was produced, resulting in particles with
an average size of 176.85 nm, and an atRA encapsulation efficiency of 85.47%. Release
of atRA from SLNs showed an initial burst which was observed from 0-8 h, after which
point a more sustained profile became apparent. Final cumulative release of atRA from
SLNs over the duration of the study was 43%. Stability studies conducted on atRA and
blank SLNs over a period of 3 months found no significant difference in particle size at
any investigated storage condition (-20°C, 4°C or 20°C). In contrast to this, a large
variance in encapsulation efficiency (EE) was observed. The optimal temperature for

storage based on EE appears to be -20°C, where at 3 months 76% atRA remained,
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compared with 10.94% at 4°C and 1.46% at 20°C. Blank and atRA SLNs were also
assessed for biocompatibility on A549 cells, which are commonly used as a model for
ATII cells. Both blank and drug loaded SLNs were found to have no negative effects on

A549 viability in vitro.

Final assessment of atRA SLNs developed in this chapter involved incorporation of the
particles in a previously developed hydrogel, i.e. Respiragel, discussed in Chapter 2.
Repeat rheological characterisation showed the thermoresponse to be unaffected by
inclusion of the atRA SLNs. Release of atRA from SLNs loaded into the hydrogel
followed a similar pattern to that of atRA release from SLNs alone. A burst release was
observed from 0-8 h, after which point a more controlled profile became apparent.
While this burst release appeared similar to the release of atRA from SLNs alone, the
average amount of drug released was reduced at each time point compared with that
from the SLNs alone. This is likely due to the presence of a second matrix through
which the drug is required to pass prior to detection, resulting in a sustained release
profile. However, the final amount of drug released from the SLNs in the hydrogel was
not significantly different to that observed from SLNs alone, indicating that atRA
release from the SLN hydrogel was more prolonged but did not result in a decrease in

total drug release.

6.5.Chapter 5: In vitro characterisation of developed formulations:

Respiragel and all-trans retinoic acid solid lipid nanoparticles

The work of previous Chapters has centred around the development of two
formulation approaches with potential applications in the loco-regional treatment of
COPD - firstly, the use of stem cells encapsulated in a hydrogel, which could be used
for its paracrine capabilities in mounting an anti-inflammatory response; and secondly,

the use of small molecule therapeutic agents — in this case all-trans Retinoic Acid, also
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with potential effects on inflammation. This Chapter focused on assessing the anti-
inflammatory effects of both the hMSC/Respiragel formulation and the atRA SLN
formulation through the use of an in vitro model of cytokine release, with cytokines

being key contributors to the inflammatory environment observed in COPD.

A549 cells were selected as our alveolar epithelial cell line model. Initial studies aimed
to confirm that pro-inflammatory cytokines often raised in patients with COPD i.e. TNF-
a and IL-1B, were able to stimulate A549 cells into producing increased levels of IL-6
and IL-8 — also present in increased concentrations in COPD. Activation of A549 cells
using both TNF-a and IL-1B resulted in a significant increase in both IL-6 and IL-8
concentrations in cell culture supernatant. This effect is likely due to activation of NFkB
signalling pathways within the cell, which is generally recognized to be one of the most
important pro-inflammatory signalling pathways in the body. As IL-1B resulted in
significantly higher levels of IL-6 and IL-8 compared to that observed with TNF-q, it was
selected as the A549 activator for all subsequent in vitro experiments. For atRA SLNs, at
48 h, IL-6 was significantly reduced by the HD atRA SLN formulation (10 pg atRA/mL),
and at 72 h significance was achieved using both LD- (5 pg atRA/mL) and HD atRA SLNs,
when compared with cells treated with blank SLNs and also untreated A549s alone. In
terms of IL-8, concentrations were reduced at 24 h, 48 h and 72 h by HD atRA SLNs. As
previously discussed in Chapter 1 of this thesis, atRA is known to possess anti-
inflammatory properties, though often these effects have been investigated in relation
to other inflammatory diseases than those present in the lung. Thus, we postulate that
the previously described anti-inflammatory effects of atRA could be translated to
COPD, and results from this Chapter indicate that further investigation into these

effects may be warranted.

Integration of atRA SLNs with Respiragel was performed to enable site specific delivery
of the nanoparticles. Anti-inflammatory assessment was again carried out in terms of
IL-6 and IL-8 cytokine levels. An anti-inflammatory effect was not observed until 72 h,

at which point a significant reduction in both IL-6 and IL-8 levels resulted following
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treatment of activated A549s with the HD atRA SLN Respiragel formulation. In this
instance, the response is delayed compared with that observed from atRA SLNs alone
where a response was detected at 48 h. This is likely due to the release kinetics
previously observed, where release of atRA from the SLN loaded Respiragel is delayed

compared with atRA release from SLNs alone.

This in vitro model was then applied to evaluate the anti-inflammatory effects of the
hMSC/Respiragel formulation. NFkB-luciferase A549 cells were utilised due to the
presence of a second cell type in this system (i.e. hMSCs as well as A549s), thereby
allowing any potential anti-inflammatory effect to be attributed to one cell type or the
other. Treatment of activated NFkB A549s with the hMSC/Respiragel formulation did
not result in a reduction in IL-6 or IL-8 concentrations at any time point when
compared with the activated A549 alone control, and in fact the opposite was
observed as significantly higher levels of both IL-6 and IL-8 resulted at 24, 48 and 72 h
(P < 0.0001). However, on assessing fold induction of NFkB activity of A549s,
progressively decreasing levels were observed from 24 h onwards for the
hMSC/Respiragel group compared with untreated IL-1B activated A549s. This seems to
indicate that hMSCs are able to down-regulate the NFkB pathway in A549s, which is
most likely due to a paracrine effect. However, as this down-regulation does not result
in reduced IL-6 and IL-8 levels (and actually leads to increased levels of these cytokines,
indicating increased inflammation), we hypothesise that the increase in IL-6 and IL-8 is
a result of the hMSCs own inflammatory pathways being activated by the presence of
pro-inflammatory mediators. This is representative of the in vivo scenario, where
hMSCs would be delivered to a chronic disease site where significant inflammation is

occurring.

Further studies investigated whether an increased hMSC loading dose in Respiragel
would lead to improved anti-inflammatory activity of the formulation. However, an
increase in hMSC number resulted in further increases in IL-6 and IL-8 concentration,

which was once again in contrast to the fold-NFkB induction, which was reduced from
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24 h onwards in all hMSC/Respiragel groups. This adds further weight to the hypothesis
that the MSCs are indeed being stimulated by IL-1B in the system, resulting in
increased release of IL-6 and IL-8 from the MSCs and a heightened pro-inflammatory

environment.
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6.6.Future work

The results obtained with atRA SLNs showed particular promise in relation to the
specific objectives of the thesis. Future work in this area could focus on a number of
areas. Multiplex ELISA may be useful to get a sense of a broader range of effects across
a wider range of cytokines. However, the next step most likely required before moving
to in vivo studies, would be to ascertain whether the anti-inflammatory effects
observed using A549 cells as our model cell type would also be observed on primary
alveolar cells. As the lung is composed of more than 40 cell types, the process of
obtaining such cells is complex involving isolation, purification and culture of alveolar
epithelial Type Il (ATIl) cells obtained from human tissue following lung resections
[353]. Alternatively, owing to the lack of availability of human tissues in general, these
studies could be performed on primary mouse or rat ATII cells. In addition to multiplex
ELISA for determining concentration changes of cytokines, polymerase chain reaction
(PCR) may be useful to confirm alteration of gene expression. A comparison study
between primary cells and A549s would be of general interest also, to further support

the use of A549s as an in vitro model.

Investigations into the effects of atRA SLNs on primary cells may also provide
information regarding the regenerative potential of atRA as well as clarifying the
possible anti-inflammatory effect. Previous publications on the pro-regenerative
effects of atRA have for the most part, been conducted using in vivo animal models,
however, some pro-regenerative effects such as increased production of surfactant
proteins (B and C) [92], increased proliferation of ATIl cells, and also protection against
the destructive effects of elastase [354] could be assessed in an in vitro model using

primary alveolar cells.

Ultimately an in vivo study of the anti-inflammatory effects of the atRA SLN and atRA
SLN Respiragel formulations would be desirable, in order to validate results obtained

from in vitro assays. COPD is notoriously difficult to model in animals due to its multi-
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factorial nature, its progressive development in humans over many years and the many
physiological and anatomical differences between different animal species and humans
[355]. No animal model to date is able to fully encapsulate all of these requirements, so
it is rather a case of choosing the most appropriate. Generally, rodents such as mice,
rats and guinea pigs are used, with mice being the most common. In terms of induction
of COPD lesions, common choices include the cigarette smoke induction of emphysema
model, and also the elastase induced injury model [60]. The use of the cigarette smoke
induced model is usually the main choice, due to the origins of COPD as a disease
directly related to exposure to cigarette smoke. However, these models appear to be
primarily utilised in studies assessing structural changes in the lung, which may render
them to be more appropriate choices when investigating the regenerative potential of
atRA. However, when investigating the anti-inflammatory effects, a model which
results in elevated levels of pro-inflammatory cytokines would be the most useful, and
as such we would likely choose a lipopolysachharide (LPS) induced model [60]. This
model involves intra-tracheal administration of LPS (a component of gram negative
bacterial cell walls), resulting in a mixed inflammatory reaction with increases in
neutrophils [356] and increases in BAL TNF-a and IL-1B [357] (thus presenting a more
complex but similar model to what we have created in this thesis in vitro). Outcomes
would be based on BAL fluid analysis of cytokine levels, again determining
concentrations of IL-6 and IL-8 but also assessing for IL-10 (often detected in vivo but
not in vitro) and KGF. Other markers for lung function include BAL proteins and

neutrophils, to assess infiltration into the lung [61].

As a result of findings presented in Chapter 5 we hypothesise that the hMSCs present
in the hMSC/Respiragel formulation may have been stimulated by IL-1B present in our
in vitro model, resulting in increased production of IL-6 and IL-8. While not the finding
that we were hoping for, this is important in that it emphasises how much is unknown
regarding the behaviour of hMSCs and how they respond to stimuli under different
conditions. Based on these findings, it would initially be necessary to confirm this

hypothesis. This could be done by repeating the experiments presented in Chapter 5,
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but without the confounding influence of co-cultured A549s. Again multiplex ELISA may
be useful in assessing a wider range of cytokines. Gene expression via PCR may also be

useful.

6.7.0verall conclusion

Collectively, the research presented in this thesis has resulted in the investigation of
multiple formulations as potential cell or drug carriers which can be delivered in a
minimally invasive manner. Both atRA SLNs and a thermoresponsive hydrogel
(Respiragel), when used in combination, provide unique potential and flexibility for the
loco-regional delivery of therapeutic agents in COPD where current treatment options
are unsatisfactory, and where site-specific retention and controlled release could
enable significant enhancements in efficacy and safety. In addition, this thesis has
highlighted potential shortcomings of the use of MSCs in the treatment of

inflammatory conditions, which need to be verified in further detailed studies.
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7. Appendices
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Appendix 1

Appendix 1.1
Supplementary data demonstrating Fourir Transform Infra-Red (FT-IR) spectra of Star-
PLL-PLT in water, as described in section 3.2.2. This work was carried out by Robert

Murphy (PhD student) from the Translational REsearch in Nanomedical Devices

(TREND) Group in RCSI.
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Appendix 1.2

Supplementary data demonstrating Fourir Transform Infra-Red (FT-IR) spectra of
Linear-PLL-PLT in water, as described in section 3.2.2. This work was carried out by
Robert Murphy (PhD student) in the Translational REsearch in Nanomedical Devices

(TREND) Group in RCSI.
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Appendix 2

Appendix 2.1

Supplementary data demonstrating a representative standard curve obtained for all-

trans Retinoic Acid (0 — 10 pug/mL) using HPLC, as described in section 4.2.5.
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Appendix 3

Appendix 3.1

Supplementary data demonstrating a representative standard curve obtained for IL-6

(0 —200 pg/mL) using ELISA, as described in section 5.2.2.5.
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Appendix 3.2
Supplementary data demonstrating a representative standard curve obtained for IL-8

(0 — 250 pg/mL) using ELISA, as described in section 5.2.2.5.
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