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I ABSTRACT

The limbal epithelial stem cell (LESC) niche is a vital stem cell pool which serves
to replenish the cornea with competent stem cells for regrowth and repair throughout
adult life. Injury and disease, such as limbal stem cell deficiency (LSCD), can damage
and deplete this stem cell pool, resulting in aberrant growth across the cornea and can
lead to blindness. The aims of this thesis are the investigation and replication of the
LESC niche. Investigation of the niche provided valuable insight into the combined
structural and mechanical properties of the niche. Meanwhile, the replication of the
niche using smart material fabrication methods enabled active manipulation of primary
isolated limbal cells to model niche conditions. These aims were achieved by focusing
on the mechanical characterisation of human limbal tissues by non-destructive optical
coherence elastography (OCE), combined with optical coherence tomography (OCT)
and anatomic replication through the development of a novel bioreactor system. The
first study, using OCT/OCE characterisation, revealed the limbal undulation
architecture of palisades of Vogt with alteration (in dimension and modulus) in key
anatomical features with ageing. To produce a biomimetic in vitro model of the limbus,
polydimethylsiloxane (PDMS) based substrates with wrinkled topography were
generated by plasma treatment, acid oxidation and dual treatments using a novel
stretching frame. This system enabled the PDMS substrate to flatten and wrinkle in a
reversible pattern when conducting cell culture, forming the culture surface of a new
type of bioreactor. The crypt-like pattern’s dimensions resembled the topography of
the LESC niche. The biocompatibility of the patterned substrate was markedly
improved using a Gelatin Methacrylate (GelMa) gel coating. The limbal cells cultured
on the wrinkled topography proved to retain stemness through the preservation of key

stem cell markers such as ABCG2 and P63, whilst indicating the induction of epithelial



change by increases in CK3 expression. It was also observed that these wrinkled
PDMS surfaces were able to dictate cell growth patterns, showing alignment in motile
cells and colony segregation in colony-forming cells in human and porcine limbal cells
respectively. The biotechnology developed in this research has exciting potential
applications as a disease model for conditions such as LSCD, ageing or injuries where
substantial physical anatomical changes can be investigated for their effect on the
native cell population. In translational terms, this benchtop application has the potential
to reduce the dependency on patient study cases to investigate limbal and other optical
surface diseases by providing an actively tuneable culture platform which has a small
footprint. Additionally, this technology has scope to reduce the dependency on primary
tissue isolations by providing a culture platform whose topographical features can be

tailor-made to expansion conditions.
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Chapter 1: Introduction
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The investigation of the limbal epithelial stem cell niche builds upon a
multidisciplinary foundation of research. Medical, biomedical, regenerative medical,
material and optical imaging research are amongst the most pertinent fields of
research which are the roots of this thesis. In this chapter, the established current
knowledge is reviewed in the context of the wider thesis. This background review is
sectioned into the key principles which underpin the project as established in the wider
field and provide the basis for the work carried out. The limbal structure, function and
pathology are covered alongside alternate methods of visualising the LESC niche,
allowing for full appreciation of the characterisation of the niche performed in later
chapters. The technologies and methods discussed in limbal replication provide the
basis for comparison of the developed bioreactor and material system in later chapters

in association with the cell cultivation methods employed.

1.1 THE GENERIC EPITHELIAL STEM CELL NICHE

Whilst a stem cell niche is common to all tissues within the body, there are
distinct differences between morphology, physiology and lifetime presentation. For
example, a stem cell pool such as the radial glial cells in the dentate gyrus possess a
layered spatial arrangement concerning the fully differentiated neurons and can be
considered a relatively short-lived stem cell pool due to being present only during foetal
neocortical development. The radial glial cell niche differs substantially when
compared to the deeply invaginated morphology of the gastric epithelial stem cell niche

present throughout all adult life (Zhou et al., 2018, Ostrem et al., 2014).

Epithelial stem cell niches are adult somatic stem cell pools, meaning they are
present throughout an individual’s lifetime (Morrison and Spradling, 2008). The
epithelial stem cell niche provides cells to epithelial tissues in which they are
embedded, facilitating the epithelial tissues' function as a surface barrier for the body.

The term “niche” encapsulates multiple levels including; cellular control, including
22



either (or synergistically together) the genetic, proteomic or intracellular signalling and
can incorporate key control pathways such as the Wnt, Notch, BMP and Hedgehog
pathways (Rizvi and Wong, 2005). At the next tier, there is the structural anatomic
level: including cellular morphology, tissue architecture and matrix composition. At the
outermost level is the microenvironment, at this level, the niche is the most vulnerable
due to being the most accessible level. Factors of this level are cell-to-cell signalling,
mechanobiological/physical cues, microenvironmental chemistry (O2, pH, carbonate,
nutrient perfusion etc.), immune cell interaction and disease state affliction — all of
which can alter the niche throughout all levels. Through these levels of control, the
niche maintains a high degree of self-regulation. Disruption of this critical self-
regulation leads to epithelial disease including tissue degeneration, predisposition to

infection and loss of capability.

When drawing comparisons between different tissues, it is important to
remember that there are distinct similarities between each type of anatomic epithelial
stem cell niche. These similarities manifest not only in function (to supply expanding
cells to replenish and regenerate the native tissue (Zhao et al., 2017)), but also in terms
of structure. Each form of the anatomic niche displays a common structural moiety (the
presence of a crypt, bulge, ridge or pit that geographically separates the adult epithelial
stem cells) and the native tissue (Blanpain et al., 2007). There is a common
morphology, as per Figure 1.1, which can be applied to the vast majority of epithelial

stem cell niches.
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(o) Differentiated Epithelial Cell
(®) Epithelial Precursor Cell
@ Niche Epithelial Stem Cell

Figure 1.1: Diagrammatic representation of a generic epithelial stem cell niche.
This diagram shows the differentiation and migration out from a central niche of
epithelial stem cells, this basic layout is conserved between niches of different tissue
types (Blanpain et al., 2007)

This type of architecture is common to most of the adult epithelial stem cell
niches. In structural terms, there are a few differences in the functionality of the niches
in different tissues. The shapes of the niches are presented as necessary for the
organ’s functionality. The skin has multiple niches in close spatial arrangement to
manage keratinous growth and others facilitate epithelial expansion (Tumbar et al.,
2004). Such presentation is completely different when compared to the corneal limbus
which presents as a circumferential crypt which encircles the entire cornea, enabling
regrowth and regeneration of the cornea (Grieve et al., 2015). All niches have the same
features: an anatomically distinct population of stem cells -confined within the basal
apex of the crypt or (inverted) bulge, a region in which differentiation occurs
propagating away from the stem cell. These cells are identified as transient amplifying
(TA) cells (Rizvi and Wong, 2005) and the commitment to the destination tissue as

differentiated epithelial cells in which the niche serves.
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1.2 THE LIMBAL EPITHELIAL STEM CELL (LESC) NICHE AND THE

OCULAR SURFACE

The eye is an accessible region for basic visible examination, facilitating
visualisation of the ocular surface and the interior of the eye. The ocular surface is the
exposed component of the eye which is frontally open to the environment. Visibly, it is
comprised of the sclera, conjunctiva and the cornea. The cornea is an optically clear
laminar structure composed of an epithelial layer (environmentally exposed and so
easily damaged), the intermediate highly ordered collagen-rich stroma bound between
the Bowman’s layer (epithelial side) and Descemet’s membrane (endothelial side) and
finally a layer of endothelium lining the inner surface of the cornea (DelMonte and Kim,

2011) (Figure 1.2).

The outermost epithelial layer of the cornea has a laminar structure. During the
life cycle of the corneal epithelial cells, a drastic morphological change occurs. The
corneal epithelium has been extensively studied in terms of its morphology and
physiology. The cells change from a columnar morphology in the basal layer, which
has expanded from the limbus to a flatter squamous shape. The squamous cells, at

the end of their life cycle, slough off into the tear film (Sridhar, 2018) (Figure 1.2).
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Figure 1.2: lllustration of the anatomy of the cornea. The diagram shows a section
of a cross-section of the cornea. The tear film upon the external epidermal layer is the
most outer-exposed layer of the cornea, with the endothelium being the innermost
layer. The Stroma is highly organised with a lattice of collagen fibres making up the
bulk of the structure. Image adapted from histological images and diagrammatical
representations (Willoughby et al., 2010, Sridhar, 2018).

The corneal epithelial stem cell niche presents as an undulating crypt which is
located at the interface between the cornea and the sclera. This structure is called the
limbus and fully encircles the peripheral cornea. It is possible to easily locate the
limbus due to its definitive location, although the structure itself is not visible specifically
to the naked eye Its location is peripheral (circumferentially) to the iris at the interface
between the cornea and the sclera (Vemuganti et al., 2009). Figure 1.3 illustrates the

location of the limbal crypt and its regional sub-divisions.
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Figure 1.3: lllustration of the eye, locating the limbal crypt. The red arrow
indicates the location of the limbal crypt as the circumferential feature around the
border between the cornea and the sclera, visually located at the edge of the iris when
observed en-face. The purple cross separates the limbus into its four anatomical
regions; A) the nasal region which faces the tear duct/nose (Dogan et al., 2021), B) the
inferior region which can sometimes be enclosed by the lower eyelid (Miri et al., 2012),
C) the temporal region which faces the side of the head (Qiao et al., 2019) and D) the
superior region, which is sometimes enclosed by the upper eyelid (Lahoti et al., 2022).

The palisades of Vogt (PV) form the crypt undulations (often resembling
mountainous-like topography when viewed with OCT) (Figure 1.4), out of the optical
plane with the circumferential crypt. This creates crypts-within-a-crypt, serving to
segregate the limbal epithelial stem cells (LESCs), which are corneal progenitors,
away from the conjunctival progenitors preventing cross-migration of these cell types
(Lathrop et al., 2012). In addition to this key structure, within the limbus reside the
Epithelial Rete Pegs (ERP) and Palisade Ridges (PR). The ERPs are located basally
within the limbus (Shanmuganathan et al., 2007) whilst the PRs are present as the
superior topographical element of the limbal palisades of Vogt. The PR is often
described as the first visible feature of the palisades of Vogt during eye examinations
and is used to characterise palisade presentation and frequency (Lagali et al., 2013).
Measurements of these features within the niche have yielded an average limbal crypt

depth of 50um with an average depth of 50um (Grieve et al., 2015). Examination using
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OCT revealed the dimensions of the PR and ERP to be within a similar order of
magnitude in terms of width (66.25+12.98 and 70.28+17.50 for the inferior limbus of
the left and right eyes respectively and 70.77+17.86 and 81.82+22.86 for the superior

limbus of the left and right eyes respectively) (Haagdorens et al., 2017).

Figure 1.4: Location of the limbus using optical coherence tomography (OCT).
In particular, these images focus on ocular surface anatomy viewing using the superior
perspective for the Palisades of Vogt (POV). A) An en-face view at the whole eye
macroscopic level: the arrow defines the location of the limbal region for the OCT scan,
residing at the corneal-scleral interface where there iris visually joins the sclera. B)
Cross section to locate the limbus at the ocular surface, undulating topography of the
epithelium is now visible at this view. C) The delineated region, as identified in B)
(rectangle), the flattened image identifies the PR and epithelial rete peg (ERP)
locations. These form the undulating topography of the limbus, which houses the
epithelial stem cell niche for epithelial stem cells. Image taken from Article
(Haagdorens et al., 2017).

The LESCs are demonstrated to reside at the base of the crypts, identifiable
using immunofluorescent labelling with the stem cell marker p63a (Grieve et al., 2015).
The XYZ hypothesis, first dubbed by Thoft and Friend (1983) describes the overall
direction of cellular proliferation (expansion). The initial expansion of and subsequent
migration outwards of the LESC is the manifestation of the transformation of the LESCs
into transient amplifying cells. Subsequently, this migration and expansion out of the
niche follows a convergent expansion pattern along the most basal epithelial layer (and
feeds into both the stromal and the endothelial layer) of the cornea, from the limbus to

the central cornea. The cells expand upwards after reaching final corneal differentiation
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through the corneal epithelial layer, until finally delaminating upon quiescence at the
uppermost corneal epithelial surface. This movement of cells from the limbus to the

epithelial surface is illustrated in Figure 1.5. (Thoft and Friend., 1983).

Tracking of corneal epithelial homeostasis has been achieved in vitro by using a mouse
mosaic eye model. This in part has validated the XYZ model, showing the inward
expansion of the ‘stripes’ in the mosaic eye after wounding. However, there are
observed age-related declines in limbal stem cell functionality seen through the
variance in expansion patterns by both the broadening of and the swirling in the stripes
over time (Mort et al., 2009). The XYZ hypothesis, validated with expansion tracking
demonstrates how LESC and corneal homeostasis are maintained synergistically.
Once the stem cells have started their path to the commitment they are collimated on
an irreversible path to eventual quiescence and removal at the central corneal
epithelial surface. In addition to this one-way commitment of cells out of the niche,
another important regulatory mechanism is the slow cycling phenotype observed in
LESCs. This phenotype prevents overcrowding of the niche through high regulation of
cell proliferation, ultimately meaning there is a low number of multipotent cells which
are required to have a high differential capacity. This has been classically
characterised in the LESC niche using a chased thymidine isomer; bromodeoxyuridine
(BrdU) (Meller et al., 2002, Song et al., 2005) based on the early method of chasing
with thymidine ([3H]TdR) (Haskjold, 1989) and more recently with nuclear green

fluorescent protein labelling methods (Sartaj et al., 2017).
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Bowman’s membrane

Figure 1.5: lllustration of the corneal epithelium. This diagram shows the laminar
structure of the corneal epithelium and the cell expansion pattern. Expansion follows
the XYZ hypothesis proposed by Thoft and Friend, the differentiated cells have
expanded in from (after the transient amplification stage) from the limbus along the Y
axis. As the epithelial cells age, they expand upwards through the remaining 4-6 layers,
changing their morphology (becoming more flattened squamous) along the X axis
before sloughing off into the tear film, as per the Z component, at the end of the life
cycle upon reaching senescence (Thoft and Friend, 1983, Sridhar 2018).

Multiple markers can be used to identify the cell types within the limbus.
Focusing primarily on the stem cell phenotype, ATP binding cassette transporter G2
(ABCG2) (de Paiva, 2005) and the common stem cell marker tumour protein 63 subunit
a (p63a) (Schlétzer-Schrehardt and Kruse 2005) are most commonly used to identify
limbal stem cells within the niche (in histological sections or cell/tissue culture). A
comprehensive list of markers used to characterise the limbus and corneal epithelium
can be found in Table 1.1. Additionally, it is also important to be able to monitor
differentiation towards committed corneal epithelial cells, migrating out of the stem cell
niche, the commitment markers cytokeratin 12 and 3 (CK12/3) are commonly used to

identify committed corneal epithelial cells (Yoshida et al., 2006, Chen et al., 2004).
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Marker

Location and
Presence (if applicable)

Use/Indication

References

ATP binding cassette protein
G2

Limbus [+++]

Limbal Stem
cell marker

de Paiva et al 2005

Dhamodaran et al., 2016
Ghoubay-Benallaoua et al., 2017
Chen et al., 2017

Gouveia et al., 2019

Tumour protein 63 subunit a

Limbus [+++]

General Stem

Schlotzer-Schrehardt and Kruse 2005

cell marker Dhamodaran et al., 2016
Ghoubay-Benallaoua et al., 2017
Stadnikova et al., 2019
Integrin 31 Limbus [+++], Basal | Stem cell Schldtzer-Schrehardt and Kruse 2005
Cornea [+/++] marker Chen et al., 2017
Polisetti et al., 2017
Integrin a9 Limbus [+] Basal Chen et al., 2004
Gouveia et al., 2019
Cytokeratin 14 Limbus [++] cornea [+] Basal and Schlétzer-Schrehardt and Kruse 2005
suprabasal Yoshida et al., 2006
limbal Ghoubay-Benallaoua et al., 2017
cytoplasmic Park et al., 2019
marker
Cytokeratin 15 Limbus [+++] Limbal Yoshida et al., 2006
epithelial Ghoubay-Benallaoua et al., 2017
marker Dhamodaran et al., 2016
Gouveia et al., 2019
Cytokeratin 19 Limbus [++] Basal limbal Schlétzer-Schrehardt and Kruse 2005
cytoplasmic Yoshida et al., 2006
marker Chen et al., 2017

Shirzadeh et al., 2018
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Marker Location and Use/Indication | References
Presence (if applicable)
Vimentin Limbus [+++] Basal limbal Schlétzer-Schrehardt and Kruse 2005
cell marker / Ghoubay-Benallaoua et al., 2017
Mesenchymal | Sanie-Jahromie et al., 2020
transitional Kawashima et al., 2010
marker
a-enolase Limbus [++] cornea [+] Basal cell Schlétzer-Schrehardt and Kruse 2005
marker
KGF-R bek Limbus [+] Not clarified Schldtzer-Schrehardt and Kruse 2005
Cytokeratin 3 Corneal dominantly [++], | Corneal Schlétzer-Schrehardt and Kruse 2005
weakly in limbus [+] commitment Dhamodaran et al., 2016
marker Ghoubay-Benallaoua et al., 2017
Gouveia et al., 2019
Cytokeratin 12 Corneal dominantly [++] | Corneal Schlétzer-Schrehardt and Kruse 2005
weakly in limbus [+] commitment Dhamodaran et al., 2016
marker Chen etal., 2017
Nestin Cornea [+++] Corneal Schldtzer-Schrehardt and Kruse 2005
marker Ghoubay-Benallaoua et al., 2017
Yam et al., 2018
Connexin 43 Cornea [+++] Corneal basal | Schldtzer-Schrehardt and Kruse 2005
marker Chen etal., 2017
Dhamodaran et al., 2016
Involurcin Cornea, Limbus [++] | Advanced Chen et al., 2004
(superficial) tissue Chen et al., 2017
differentiation
marker

Table 1.1: Markers used in the characterisation of the limbal cells with reference to limbal stem cell differentiation. From
this collation, it is possible to state that the most consistently used markers for limbal stem cell characterisation are ABCG2 and
TP63, followed by CK14/15. In terms of corneal (commitment) characterisation, the well-accepted markers are CK3/12 followed by
Connexin 43.
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The microenvironment of the corneal epithelial niche is subject to a cycle of
drying from the environment and wetting by tears. Tear fluid, like other fluids bathing
different epithelia, has its unique composition. Due to this unique composition, the
surface microenvironment is also unique in terms of pH and protein content as
determined in human and animal studies (Lu et al., 2018, Versura et al., 2018).
There is a limited acknowledgement of these conditions as LESC control alongside
other aqueous properties including, osmolarity, charge differences and oxidative
signalling; showing a restricted appreciation of the microenvironment and its effects
on driving LESC differentiation. The cells within the niche are held together by the
extracellular matrix. This matrix is composed of multiple collagens, laminins,
fibronectin, matrilins, additionally fibrillin-1 and 2, thrombospondin, endostatin, agrin
and tenascin-C, vitronectin, bamacan, chondroitin sulphate and versican, which
were positively identified using immunofluorescence (Schldtzer-Schrehardt et al.,
2007) (Table 1.2). From LESC isolation protocols it can be said that collagen makes
up a significant structural component of the limbal extracellular matrix, as
collagenase can be used to dissociate cells out of dissected ocular surface tissue

sections (Chen et al., 2011).
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Matrix component Type Reference

Collagens 1V, VII, XV, Collagen Schlétzer-Schrehardt et
XVII, XVIII al., 2007

Laminins a1-5, B-3, y1-3 Polisetti et al., 2017
BM-40
Nidogen
Fibronectin
Matrillin-2 Glycoproteins
Fibrillin-2
Tenascin-C
Thrombospondin-4
Vitronectin
Perlecan

Agrin Proteoglycans
Endostatin
Table 1.2: The matrix components of the limbal epithelial stem cell niche.
Listed is a collation of the determined matrix components, grouped by matrix protein

type.

Schlotzer-Schrehardt et
al., 2007

1.3 LIMBAL STEM CELL PATHOLOGY

1.3.1. Diseases of the Cornea and Limbal Stem Cell Deficiency

The driving force for the extensive investigation of the LESC niche
(concurrently with corneal regeneration) is the prevalence of corneal disease which
often has distressing symptoms including pain, itching and vision disturbances
which can lead to permanent blindness without intervention. Whilst the cornea has
a reservoir of corneal mesenchymal cells, the limbus is proposed to supply the outer
epithelial layers. Therefore damage caused by disease to this outer surface affects
the limbus detrimentally, resulting in a reduction in the regenerative capacity of the
limbus for the cornea if not leading to limbal stem cell deficiency (LSCD). As LSCD
development can be considered a multifactorial progression the acquisition of LSCD
may not be due to a single cause. Therefore these precursor conditions which may
include genetic, injury or immunological components can either singularly or

synergistically contribute to or cause LSCD (Moshirfar et al., 2023).
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There are multiple disorders and diseases of the cornea including but not
limited to injury, corneal dystrophies/degeneration and infections. These may afflict
limbal stem cell deficiency immediately or over a long time, by causing the loss of
competent stem cells from the niche or through structural damage to the cornea
(Katikireddy, 2016, Liskova et al., 2018). The need for regenerative medicine-
oriented therapies is becoming more imperative due to the shortage of
transplantable human corneas. However, for such therapies to work it is vital to
understand how the stem cell niche changes the disease state. For example, in
dystrophies which are largely inherited, there is a gradual degeneration of the
cornea. For this disease state, it is appreciated that the condition originates in the
stem cell niche which translates out into the destination tissue during tissue growth

and regeneration.

Conditions such as dry eye and pathogenic-induced keratitis alter the
microenvironment of the stem cell niche, the cell-cell interaction between limbal
stem cells and mobilized immune cells, as characterized by Polisetti et al's study
(Polisetti et al., 2016). This shows that LSCD can also be a downstream event
derivative of a previously diagnosed state as well as being caused by a direct
traumatic incident. The combined stressors of inflammatory factors secreted from
incoming migratory immune cells and hyper-osmotic pressure from inflammation,
the limbal stem cells lose their regenerative competency. The loss of competency
can subsequently lead to stem cell loss if the stressors are of sufficient magnitude,
as determined by a study into these niche microenvironment stressors (Yang et al.,
2019). Additionally, inflammatory diseases such as Steven-Johnson syndrome
(Puangsricharem and Tseng, 1995), chronic limbitis of non-necrotising anterior
scleritis (Khoo et al., 2018) and superior limbic keratoconjunctivitis are significant

contributors to limbal and corneal damage resulting in LSCD leading to blindness.
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It has been demonstrated in vivo that the administration of rapamycin (to inhibit the
mTOR pathway) exacerbated injury-induced LSCD with induced corneal
inflammation and worsened opacity, thus demonstrating that inflammation is related
to LSCD (Park et al., 2019). Chronic pathologies including chronic limbitis, scarring
from thermal/chemical burns, allergies and diseases such as glaucoma (either
directly or secondarily by their treatment with downstream complications), contribute
to the generation of ocular inflammation (Riccio et al., 2019, Horwitz et al., 2018,
Boudoin et al., 2000, Sanchez-Avila et al., 2018). These key physiology-changing
conditions presented by limbal inflammation have yet to be fully characterised,
presenting an opportunity for the use of an accurate biomimetic model which mimics

the dynamic structural changes in the LESC niche (including the palisades of Vogt).

Ageing-related degeneration also factors greatly in the development of LSCD
with degenerative effects manifesting similarly to hereditary disease, but presenting
at much later stages in life. It was determined in a study of the effects of ageing on
the limbus, that limbal-stromal vascular structure changes from fine stringy blood
vessels to enlarged and shortened vessels. Additionally in the same study it was
determined that the presence of the POV decreased from a positive rate of 97.5%
in the youngest age group (ages 11-19) down to 40.0% in the oldest age group (60-
73) with respective average limbal epithelial cell sizes of 9.89+1.12um and
12.36+1.68um, (ref. Figure 1.6) (Zheng and Xu, 2008). During the process of ageing
the POV become less defined, alluding to a loss of stem cell populations which
reduces corneal regenerative capacity as ageing advances (Zheng and Xu, 2008).
Structural degradation, characterised as a function of the reduction in the presence
of focal stromal projections and visibility of the POV by SEM and confocal
microscopy has also been employed in a comparison of cadaveric tissue of different

ages (Notara et al.,, 2013). Alongside ageing and hereditary disease, lifestyle
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choices (including contact lens wear), have been associated with the development
of LSCD. This arises from the development of contact lens-induced keratopathy (by
the contact of the lenses to the limbus inducing limbal hypoxia) making the LESC
microenvironment not favourable for stem cell maintenance. Additionally,
mechanical abrasion and potential contact lens solution toxicity contribute directly
to LESC destruction and corneal damage (Bloomfield et al., 1984 Matrtin, 2006). The
downstream effect of the degradation of the limbus is the observation of the
conjunctivalisation of the cornea, which has been observed in patients displaying

LSCD associated with contact lens wear (Rossen et al., 2016).
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Figure 1.6: Comparative panels of the limbal Palisades of Vogt (POV) in situ
demonstrating the effects of ageing. Images are obtained using in vivo confocal
microscopy. Sub-panel 1) A, B, C, D, E and F are images of patients aged 11, 11,
12, 13, 17 and 19 respectively, tailed arrows denote the presence of fine blood
vessels, tail-less arrows denote the presence of stromal cords. Sub-panel 2) A, B,
C, D, E and F are images of patients aged 60, 61, 63, 65, 69 and 73 respectively,
tailed arrows denote the presence of large blood vessels, tail-less arrows denote
the presence of epithelium-stromal cords. These images show a clear difference in
POV presence and morphology between age groups. Images taken from the article
(Zheng and Xu, 2008).
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Ocular surface neoplasia is a less commonly presenting condition compared
to the others described but it can also contribute to LSCD. Tumours of the ocular
surface tend to present in the reduction in clarity (and subsequent deterioration in
vision) of the cornea and disturbance to the surface architecture and topography.
Symptoms of the physical changes can include vision changes (leading to sight
loss), bulging/inflammation and (rarely) pain; however, all of these symptoms are
not necessarily present together in all patients (NHS, 2020). As with neoplasia in
other tissues, on the ocular surface, the presentation of tumorigenesis follows a
similar scale; from the benign pterygium to aggressive squamous cell carcinoma
(Sayed-Ahmed et al., 2017). Pterygium formation is a form of ocular occlusion which
is limbal-derived. These are fibrotic/fibrovascular invasions into the cornea which
can originate via the limbus, whose formation is considered to be induced by ultra-
violet light (Bradley et al., 2010). These invasive fibrotic changes have also been
associated with a decrease in corneal endothelial density, also proposed to be
associated with environmental UV radiation, however, this decrease in cellular
density was not statistically correlated to the pathogenic presentation and
symptomatic presentation of the pterygia (Li et al., 2018). These changes over time
can be attributed to limbal disruption, as observed in cross-sectional optical
coherence tomography of the limbal quadrants. Pterygium presence was
specifically observed to affect the superior limbus whilst the nasal limbus was noted
to change irrespective of pterygium presence (Li et al., 2022). These limbal changes
could therefore feed into the widely associated corneal obstructions associated with
pterygia, leading to restrictions in sight, due to the reduction in the provision of
competent adult stem cells to replenish the corneal epithelium. It has been
proposed that the use of UV-blocking contact lenses is shown to have limbal

protective qualities in the short-term with the prevention of UVB-induced DNA
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damage and limbal phenotypic loss with analysis of stemness markers ABCBS5,

P46a and integrin 31 (Notara et al., 2018).

1.3.2. Overview of the Current Treatment and Intervention of Corneal Disease

There are multiple interventions available for the treatment of diseases and
trauma for the ocular surface (specifically the cornea) approved by the National
Institute for Care Excellence (NICE). The approved treatments can be ailment-
specific, for example; photochemical corneal collagen cross-linking used in the
treatment of keratoconus. This procedure is used to strengthen the cornea to
mitigate the progression of the disease (NICE, 2020). Additionally, there are
treatments which may be a general purpose solution such as the cornea transplant
(NICE, 2020). Within the remit of corneal transplant, there are three subtypes of
procedure; penetrating keratoplasty (full thickness), deep anterior lamellar
keratoplasty (the outer and intermediate corneal layers) and endothelial
keratoplasty (the innermost corneal layer) (NHS, 2020). Keratoprosthetics is the use
of biomaterials in place of donor tissue to replace damaged cornea. This approach
is used when donor tissue is not appropriate for the condition or the patient, however
(similarly to the regenerative approaches) this requires special consent and
permission to be performed on a patient due to limited safety and efficacy data

(NICE, 2020).
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1.4. REGENERATIVE APPROACHES AND CELL THERAPY

USING LIMBAL STEM CELLS

Regenerative medicine provides exciting avenues for a plethora of diseases
that traditionally would have otherwise been thought incurable or something to be
tolerated. In other tissues and organ systems, regenerative approaches are making
breakthroughs e.g. autologous chondrocyte therapy being a NICE approved therapy

which is gaining traction (NICE, 2020).

However, despite the ease of accessibility to the limbus by the front of the
eye, the regenerative approach has yet to take its place amongst the standard
interventions currently used. It is proposed that the severely debilitating nature of
side effects and treatment failures (vision impairment/loss) may significantly
contribute to this lack of adoption but the availability of donor tissue for research,
treatment manufacture and administration also presents major challenges to

overcome.

Multiple studies have been carried out on the implantation of limbal stem cells
for the potential treatment of diseases caused by limbal stem cell deficiency. Early
studies date back to the late 1990s, including the application of allografted limbal
stem cells into patients with reported limbal stem cell deficiency. Findings indicated
that patients transplanted with limbal stem cells displayed epithelization and corneal
recovery. Furthermore, few patients received side effects from these studies
indicating a potential avenue for corneal regenerative research and medicine (Tseng
et al., 1998, Dua et al., 1999). A later example of this successful regenerative
approach is the transplantation of ex vivo expanded LESCs, which garnered
popularity with the media and brought positive attention to the field (Kolli et al.,

2009). Despite these promising results, however, this particular approach is not yet
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fully approved to be used in clinics without special dispensation to perform the

procedure or research.

It is the view of NICE that limbal cell allografts are not adequate in terms of
safety and efficacy (NICE, 2020). However, in a retrospective study of
ophthalmological cases, one alternative called autologous simple limbal epithelial
transplant (SLET) has proven a successful and potentially safer alternative. With the
use of patient-derived limbal cells, this circumvents the immunological challenges
and risk of outright rejection of allografts (Sangwan et al., 2012, Vazirani et al.,

2016).

Within regenerative approaches, 3D culture technologies have seen
prevalence in other tissue types. These applications range from in vitro creation of
cell-laden structures with expanding cells which are transplanted into an injury to
regenerate a wound. An example is the use of a 3D printed staggered lattice pattern
gel laden with dental papilla cells and Hertwig’s epithelial root sheath cells to begin
the regeneration of rat dental fossae within 8 weeks (Tang et al., 2022). This
approach describes the use of a “pre-fabricated tissue” of cells shaped to fit a
structural feature, which over a healing period thereafter integrates into the wound
and begins to regenerate the entire anatomical superstructure. An alternative
approach, still using a 3D technique, describes the expansion of cells in a 3D
spheroid culture to achieve a specific cellular function before transplantation. The
use of Mesenchymal stem cells/Human umbilical vein endothelial cell spheroids in
ischemic stroke therapy development is an example of this approach. In this study,
the generation and implantation of these spheroids demonstrated pro-
neurogenic/neuroprotective qualities in both neurite outgrowth assays and in
transplantation into rats with ischaemic brain injury (Hsu et al., 2021). These

approaches can be translated in the regeneration of the cornea and adaptations of
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these approaches are in various stages of development. In the vein of pre-expanded
3D culture, excised and seeded human lenticles are an example of a transplantable
biologically derived construct seeded with corneolimbal epithelial cells. This study
was a proof of concept of the successful transplantation of these scaffolds in a live
host (Park et al., 2023). Similarly, material-based methods have been used to a
similar end where a semi-synthetic material membrane of silk-fibroin and polyethene
glycol successfully supported sheets of LESC cells of a few layers in culture. These
sheets were transplanted into a rabbit LSCD model and presented a significantly
lower neovascularisation score 60 days after transplant compared to silk fibroin
grafts alone (~1 for silk fibroin-LESC grafts compared to >3 for silk fibroin alone).
Additionally, the clarity score was significantly greater in the silk fibroin-LESC grafts
(with a clarity score of >3 compared to a score of <1 for the silk fibroin grafts alone
(Li et al.,, 2017). These promising examples of 3D cultured LESC transplant
technologies highlight the emergence of transplantable ex vivo cultured 3D
constructs containing LESCs with restorative potential for conditions such as LSCD

and other corneal diseases.

1.4.1 Cell Sources

In the investigation and treatment of limbal epithelial stem cell niche and
limbal conditions, there are a variety of cell sources that are considered. For
research, typically animal model tissue is used; many studies have employed rabbit
models in the study of limbal structure, cell cycle proliferation and cell culture studies
(Park et al., 2006, Goes et al., 2008, Yeh et al., 2016). Whilst highly accessible,
small animal species are not truly translatable models to the human limbus, to
remedy this, the porcine limbus was characterised and found to be close to the

human limbus in both structure and phenotypic function. Therefore the use of
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porcine tissue is an effective animal model for human limbal tissue investigation
(Notara et al., 2011). Regardless of how effective animal models and animal-derived
models may become, currently, the use of animal cells and animal-derived products
is not permitted unless under specific conditions outlined by guidance
EMEA/CHMP/CPWP83508/2009: the guideline on xenogenic cell-based medicinal
products. This guideline concerns the production of advanced therapeutic medicinal
products (ATMPs) by the EMA (EMA, 2024). Therefore, in the treatment of disease
in humans, cells are currently sourced from humans, from allogeneic sources which
are cultured in vitro before transplant or autologous (sourced from the recipient
patient) (Paulkin et al., 2010). These expanded cell transplants have the advantage
of providing a regenerative therapeutic course of treatment however, there are
considerations to the preparation and implementation of these cultures clinically.
The principal consideration is the requirement for xeno-free or ATMP regulatory
approved culture conditions (EMA, 2024). This extends not only to the cell type used
as aforementioned but also to the medium components, culture substrates (if a
specialist culture surface such as an amniotic membrane is to be used) and matrix
simulating coating components (Cite). The pipeline for producing the limbal cell
transplants falls under the category of “point of care manufacture”(Hourd et al.,
2014). This classification comes primarily owing to the challenges of storing the
limbal stem cells, where it has been found that even relatively short-term storage
(up to 7 days at 4°C) can reduce the proliferative capacity and reduction in limbal
stem cell markers such as P63 and CK19 (Liu et al., 2012). Therefore with these
considerations in mind, limbal stem cell transplant cultures are typically isolated,
expanded and transplanted within the shortest amount of time to maximise the
stemness of the transplanted cells and maximise the success rate as discussed in

section 1.4.3.
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1.4.2 Maintenance of LESC Stemness in the Stem Cell Niche

Maintenance of stemness is the critical function of the niche, this is carried
out at all levels of consideration of the niche previously described. At the anatomic
level, it may be said that the crypt morphology of stem cell niches conserves the
stemness of the epithelial stem cells in that particular niche. This statement can be
attributed to the observation that the stem cells for an epithelial stem cell niche are
located in the basal apex of the crypt. This observation is not only made in the limbal
niche but other tissues such as the intestine and skin (Carulli et al., 2014, Gonzales
and Fuchs 2017). Crypt morphology and basal localization relate to both the slow-
cycling proliferative and high differential capacity properties of the limbal stem cells,
this localization serves as a highly regulatory segregation mechanism. Put simply,
the crypt serves as a ‘pouch’ in which the stem cells are held until they are required

(by being drawn out of the niche following the XYZ hypothesis).

In parallel to the anatomical features of the niche, the correct culture
conditions drive the maintenance of the tissues and stem cell characteristics. When
culturing ocular epithelial tissue, it is important to remember that keeping a
monolayer on tissue culture plastic bathed in media, is not representative of the
nature of the ocular surface (both in terms of anatomical structure and physiology)
(Grieve et al., 2015, Haagdorens et al., 2017). The limbus is a matrix-dense tissue
with heavy levels of keratinisation at the corneal leading face: where corneal
differentiation out of the limbus arises (Pathak et al., 2016; Shi et al., 2020).
Therefore when culturing limbal epithelial cells in a monolayer with a low-viscosity
aqueous solution they will not maintain their true limbal stem cell properties. Hence
engineering the correct microenvironment is of vital importance. This can be

effectively combatted using hydrogels to suspend the cells in 3D culture, allowing
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the cells to orientate, expand and signal in 3 dimensions (which is more
representative of tissue). Examples of such studies include compressed collagen
gels for LESC culture (Mi et al., 2010), Xeno-free hydrogels such as the Hy-stem-c
hydrogel (Chen et al., 2017) and biomaterial scaffolds including electrospun PCL
(Sanie-Jahromie et al., 2020). In these examples the seeding mechanism and
therefore the direction of cell propagation were different. For example, the
keratinocyte-encapsulated compressed collagen gel was purely a surface
alternative to the amniotic membrane for the limbal epithelial cells to grow upon.
However, these epithelial sheets developed stratification and presented positivity for
Ck3 and Ck14, demonstrating the maintenance of a limbal epithelial with a capacity
to differentiate the cells towards a corneal fate (Mi et al., 2010). Whilst not vastly
different in terms of being a surface-seeded construct the electrospun PCL allowed
the limbal stem cells to penetrate the pores of the nanofibre scaffolds to small depths
(as visualised by scanning electron microscopy), therefore, whilst being a surface-
seeded scaffold, they possess a degree of porosity to facilitate a deeper 3D culture
(Sanie-Jahromie et al., 2020). Finally, the Hy-stem-c hydrogel was used as a growth
surface to extract cells from limbal explants placed on the surface and grow
epithelial cell layers up to 5-7 cell layers thick after 21 days. These expanded tissues
showed positivity (by immunofluorescence) for ABCG2, Involrucin, K12, connexin
43, K19 and integrin B1. Co-expression of these markers together demonstrated an
ability to isolate and expand from explants a ‘tissue’ that possessed limbal
progenitor phenotypes but also showed commitment towards the corneal epithelial

fate through the full thickness.

Topography, as a physiological micro/nanostructure aids in the
establishment of the necessary microenvironment. This is achieved by facilitating

native matrix protein expression and deposition. The topographic profile has an
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entrapping effect, amplifying the effects of material absorptive/adsorptive properties
or functionalising components (as further discussed), by exploiting the principle of
increasing surface area and roughness to achieve this increase in matrix deposition.
Topography has demonstrated the ability to self-assemble a large corneal construct
through its influence over matrix deposition spatial arrangement of cells and matrix
adherence, using corneal stromal cells (Guillemette et al., 2009). Studies with non-
limbal stem cell types, at the cellular level, such as corneal stromal stem cells
demonstrate how the influence of surface topography enhances matrix deposition
and ordered self-assembly (Karamichos et al., 2014). In later studies, this effect was
defined more clearly with a grooved substrate achieving both cellular alignment and
significant matrix organisation, whilst allowing for the maintenance of construct
integrity after removal from the substrate (Syed-Picard, 2018). There is a lack of
characterisation of limbal matrix deposition, however, from the perspective of the
limbal cell-to-matrix interaction, there is some progress. The presentation of focal
adhesions between limbal epithelial cells and silk fibroin/silicon wafer substrates

which were topography-dependent illustrates this effect well (Lawrence et al., 2012).

In addition to topography, functionalisation of the biomaterials used will aid in
the achievement of increased matrix expression/deposition or use as a substitute
for the native matrix, as reviewed by Rahmany and Van Dyke (Wang et al., 2015,
Chen et al., 2017, Rahmany and Van Dyke, 2013). This commonly used term
(functionalisation) refers to the enhancement of the material interactivity
biocompatibility. Such features include: reducing cytotoxic properties, enhancing
hydrophilicity and promoting a more biomimetic bonding pattern/type adopted
during cell adhesion to the material (Rana 2017; Carmagnola et al., 2018). Table
1.3 lists common surface functionalisations and native matrix components often

used in cell culture. Such enhancements are generally achieved by applying a
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coating or subjecting the surface to a modification process such as laser radiation
treatment applied to poly(2-hydroxyethyl methacrylate) to improve the attachment
of limbal epithelial cells (Zainuddin et al., 2011). Additionally, physical surface
treatments such as plasma oxidation may be employed to improve the culturing
viability of the surface. For materials such as Polydimethylsiloxane (PDMS),
oxidative plasma can be used not only to generate topography (as later discussed)
but to also enhance cell adhesion (in conjunction with other components) as
observed with LESC (Kang et al., 2012) and as also noted with the treatment of

poly(lactide-co-glycolide) with oxygen plasma (Wan et al., 2004
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Surface Application Cell type Reference
functionalising

component

Matrigel Expansion of Limbus-derived (Human) LESCs | ABCG2*and ABCG5* cells Kim et al., 2017
Fibronectin Expansion of corneal epithelial cells on | Immortalised Human  Corneal

Laminin processed fish scales as a novel substrate for | Epithelial Cells Hsueh et al., 2019
Collagen IV potential transplantable substrate

Laminin 1 and 5

Coating of glass for the transdifferentiation of
hair follicle stem cells into corneal epithelial-
like cells.

Murine vibrissa follicular epithelial
cells

Blazejewska et al.,
2009

Acrylic-modified
contact lens

Limbal Explant Culture,

maintenance

Progenitor

Limbal explant

Zhang et al., 2014

B. mori cocoon
silk

Expansion of limbal epithelial/stromal cells as
a potential transplantable scaffold

Human limbal epithelial and stromal
cells

Bray et al., 2013

Chitosan

Gelatin

Expansion of limbal epithelial cells and corneal
cells for the assessment of the biocompatibility
of these materials as culturing substrates

Human limbal epithelial cells and
human corneal epithelial cells.

De la Mata et al.,
2013

Laser treatment

Laser treatment of poly(2-hydroxymethyl
methacrylate) for improved cell adhesion

Limbal epithelial cell culture

Zainuddin et al.,

2011

Table 1.3: Additional materials commonly used as coatings or laminar materials to functionalise cell culture substrates.
The use of these materials is considered commonplace in tissue engineering and cell culture, the above examples selected are for

limbal and corneal applications exclusively.
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At the signalling level, the Hippo signalling pathway, via the Yes-associated
protein (YAP) (Mahoney et al., 2014) is recognized as an epithelial developmental
pathway which is implemented during the morula stage, activating the Sox2 gene
transcription. Control of Sox2 gene products and their downstream effectors
contribute to the maintenance of stemness and increase the proliferative capacity
of stem cells,(Bhattacharya et al.,2019 Rossant and Tam, 2017, Wicklow et al.,

2014).

Of significant interest to limbal engineering, the Yes-associated Protein 1
(YAP1) is one of these effectors. YAP1 has been detected in both corneal basal
epithelial cells and limbal epithelial cells and is proposed to have a regulatory effect
on the limbal differentiation into corneal tissue. YAP1 knock-out prevented corneal
epithelial expansion (Kasetti et al., 2016). Furthermore, it has been demonstrated
that YAP in addition to Np63 and B-catenin (a pro-proliferative pathway), all regulate
the stem cell phenotype and can be modulated by substrate stiffness. It is reported
that with a softer substrate, greater YAP inhibition is observed alongside greater
Np63 expression and B-catenin activation, resulting in greater LESC expansion.
Stiffer substrates resulted in LESC proliferation inhibition indicating
mechanobiologically controlled differentiation (Gouveia et al., 2019). B-catenin is
part of the Wnt/B-catenin pathway. Substrate stiffness relates to native matrix
stiffness where these models have demonstrated to some precision the relationship
between stiffness and LESC behaviour, in native tissue it has been observed that
changes in tissue stiffness are related to ageing and disease. This effect was
demonstrated by the conjunction of findings that firstly, the cornea and corneoscleral
axis stiffened with age (Elsheikh et al., 2010, Geraghty et al., 2014). Secondly, there
is significant limbal niche structural degradation coupled with a significant reduction

in key LESC marker expressions such as CK16, P63 and ABCG2 showing a
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reduction in stem cell presence in the elderly limbal niche (Notara et al., 2013), this
structural degradation presented in a loss of limbal crypt visibility and definition,
meaning that the anatomical structure required to house the limbal stem cells was
diminishing as alluded to by the reduction in stem cell marker expression.
Appreciating these relationships together, the corneoscleral axis stiffens with age
and there is a visible age-related degradation in the limbal niche anatomy which
corresponds to a loss in stem cell presence, it is plausible to correlate these
relationships. The effect of actively softening the corneal matrix has been explored
(using collagenase directly) and has demonstrated that a region live cornea, after
treatment with collagenase to soften the matrix, presents evidence of a much
greater capacity to maintain epithelial progenitor populations (by presenting limbal
markers such as p63, ABCG2 and CK15) whilst showing a marked decrease in the
epithelial markers (CK3 and a3p1). This demonstrated an active stiffness-
dependent reversal of phenotype in vivo. However, for a medically relevant model
to determine the effect of substrate stiffness on limbal stem cell fate actively, the
integration of niche anatomical structure changes is needed in future models to fully

model age-related and pathological changes in the limbus.

This pathway maintains stemness through the prevention of [(-catenin
degradation by the binding of Wnt to the Frizzled receptor and its coreceptor LRP5/6
(Gonzélez et al., 2019). BMP signalling additionally complements Wnt signalling as
this pathway is integrated with the Wnt pathway. The BMP/Wnt pathway in the limbal
niche regulates SMAD (mothers against decapentaplegic family transcription factor
signalling) in addition to B-catenin as part of the Wnt/B-catenin pathway
(Theerakittayakorn et al., 2020, Zhang et al., 2015). The regulatory function of this
pathway chiefly maintains the quiescence of LESCs within the niche. The BMP

pathway is maintained as a crosstalk between the niche cells and the limbal
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epithelial progenitor cells (those beginning commitment in the transient amplification
stage). Knockout of this regulatory function results in the loss of maintenance of
stemness (Chen et al., 2015). The Notch pathway plays a role in the regulation of
corneal wound healing. Notch signalling follows the scheme of ligand-to-notch
receptor binding to gene transcription, which includes: the hairy and enhancer of
splitl, hairy and enhancer of split-5 and hairy/enhancer-of-split related with YRPW
motif protein 1 (HES1, HES5 and HEY1 respectively). However, despite being
observed and measured in studies, this pathway has not been characterised fully in
the corneal/limbal regulatory context. Inhibition of this pathway completely prevents
the differentiation of LESCs into corneal tissue, but not the ability to stratify when it
is air-lifted (Gonzélez et al., 2019). Notch-1 has been detected in the basal corneal
epithelium, suggesting this, alongside the limbus to be a regulatory zone for cell

proliferation and differentiation (Thomas et al., 2007).
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Figure 1.7: Overview of the key pathways responsible for LESC maintenance
and induction of differentiation. The pathway scheme outlined includes
mechanobiological dependent signalling, a crucial determiner of LESC fate within
the niche (Reya and Clevers 2005, Mahoney et al, 2014 Zhang et al., 2020 Xie et
al., 2020 Gouveia et al., 2019 Fisher et al., 2020 Robertson et al., 2021).

The sonic hedgehog signalling pathway (often shortened to hedgehog or
Shh) in development is involved in the decision of limb patterning, left-right
asymmetry, the anterior-posterior axis and hair follicle formation. However, in adult
life, this pathway is yet another internal stem cell maintenance regulatory pathway
employed by the LESC niche regulating the cell cycle and critical to corneal wound
healing (Saika et al., 2004). Following the same signalling format, the ligands
including pigment epithelium-derived factor (PEDF) bind to their corresponding
receptor, transduce down the hedgehog (Shh) pathway and initiate the transcription

of the Gli3 gene which regulates LESC proliferation and migration (Fan et al., 2019).

The use of epidermal growth factor as a media additive (biochemical
stimulus) for maintaining the stemness of limbal stem cells is considered a more

conventional way for maintaining stem cell qualities in culture with this approach
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being a widespread staple not only in this field (Fernandéz-Péres et al., 2017, Meller
et al., 2002) but in wider stem cell science such as embryonic culture, iPSC culture
and neural progenitor culture. In addition to the use of growth factor, feeder cell
cultures such as the 3T3 fibroblast secondary culture can be also implemented to
maintain the stemness of cultured limbal epithelial cells by reducing stress-induced
cellular damage. Such a protocol was used to expand limbal epithelial cells ex vivo
for human limbal epithelium with a human-derived 3T3 feeder layer which is a viable
xenobiotic-free alternative to murine 3T3 layers used for therapeutic expansion
(Sharma et al., 2012). Additionally, a study which employed murine 3T3 in its
evaluation of a selection of human-derived feeder layers on LESC expansion for the
same purpose, however, this study found its limitation in the use of rabbit limbal cells

instead of human cells (Wang et al., 2017).

1.4.3 Regenerative Treatment Strategies for Limbal Conditions

These therapies are specifically designed to facilitate tissue regeneration
towards original or near-original tissue functionality using transplanted stem cells.
These cells are typically taken from a donor source, either the same patient or a
compatible donor, and transplanted after a culture or processing phase. In situ,
these cells differentiate into the target tissue and self-regulate in the same manner

the original missing stem cells should (Kumar et al., 2022).

In limbal disease, typically simple limbal epithelial transplant (SLET), where
LESCs are transplanted from the patient's healthy eye into the affected eye, is
indicated for LSCD. However, SLET is contraindicated for dry eyes, blindness,
disorganized anterior segments untreated adnexal pathologies (Moshirfdar et al,

2023). Alternatively, cultured limbal epithelial transplants (CLET), a procedure
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where cells from a donor are cultured externally before transplantation into the
patient's eye(s), has demonstrated prospective indications for burns, chronic
injuries, ulcers, congenital defects and surgical applications which require specialist-
controlled epithelial regrowth (Dhar et al., 2023). In a registry consolidating cultured
epithelial autograft surgery outcomes in burn patients, success rates were good.
Out of 68 patients, overall survival was recorded at 87% (94% paediatric/ 84% adult)
whilst the percentage mean engraftment was recorded to be 81% percentage in
adults and 84% in paediatric patients. It is interesting to note that the paediatric
statistics are more favourable towards higher rates of engraftment and survival
(Fagan et al, 2024). Currently the regenerative approach of corneolimbal
transplantation by way of limbal transplantation has demonstrated good long-term
outcomes through the reduction of the return of LSCD symptoms in allograft
techniques. However, autograft techniques proved to be much less ineffective. This
was assessed by evaluating the survival of transplants, using four different

techniques across a 60 month post-operative period (Borderie., 2019).
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Maximum

Technique el assessment Niotal Source

success rate ) Patients

period
Average 109.2

81% adult adult
Cultured 84% paediatric Average 111.1 68 Fagan et al., 2024
limbal paediatric
epithelial 77% 1 year 112 Rama et al., 2010
transplant 41.6%at2.1

years Average 6.7 9 Behaegal et al.,

23.1% at 6.7 years 2019

years
Autologous
Cultured 100% (3 .
) Borderie et al.,
limbal stem | years) 5 years 7 2019
cell 71% ( Syears)
Transplant
Allogeneic 29% (3 years) | 5years 7 Borderie et al.,
cultured 0% (5 years) 2019
limbal stem
cell
transplant
Autologous | 75% (3 years) | 5 years 8 Borderie et al.,
limbal tissue | 75% (5 years) 2019
transplant
Allogeneic 50% (3 years) |5 years 8 Borderie et al.,
limbal tissue | 33% (5 years) 2019
transplant
Conjunctival | 77.8% Average 4.15 27 Elsani et al., 2019
limbal years
autograft

Table 1.4: Summary of limbal epithelial surgical interventions and their
success rates. This summary includes the maximum assessment period and some
key assessment time points. Implant success rate is defined in each particular study

however the key definitions relate to ocular surface integrity, clarity and pain.

A review of the current options for the treatment of LSCD outlines a strategic
approach to the identification and management, firstly the inflammation is controlled
then either LSCD is identified as either partial or total LSCD. CLET, as an allogeneic
stem cell transplant procedure (with a 70-77% long-term success rate with an 81%
adult engraftment rate) (Rama et al., 2010, Borderie et al., 2019, Fagan et al., 2024)
has both unilateral and bilateral application, which contrasts with SLET which is

unilateral only with a 50-100% success rate (Vazirani et al., 2016, Borderie et al.,
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2019, Elhusseiny et al., 2022). An initially earlier developed method, but still largely
successful (77.8% success), is the conjunctival limbal autograft (CLAU) transplant
method, where a larger portion of tissue compared to SLET is transplanted into the
LESC-deprived limbal niches to instigate regeneration (Elsani., 2019, Elhusseiny et
al., 2022) In addition to limbal transplant procedures, methods including the
application of human amniotic membrane to the deficient limbus has shown promise
in corneal applications through its use in the treatment and recovery of corneal
ulcers (up to 93% closure rates) (Sheurech et al., 2021). Although mesenchymal
stem cells (MSC) have exciting applications in the scientific research field, there is
currently limited pre-clinical or clinical trial data to support the safety or adoption of
MSCs clinically until there is further information with the animal/stimulatory models
to support the safe use in humans. An example of a potential MSC application which
may be suitable is the En*/En- Human limbal MSC tested in a rabbit transplant model
which showed they did not have a deleterious effect on the host and may be safe

for human indication (Damala et al., 2023).

1.5 VIEWING THE LIMBAL NICHE FROM DIFFERENT

PERSPECTIVES

1.5.1 Histological Characterisation of the Limbal Niche

Histology is a widespread tool for visualising tissues functionally and
structurally, typically the tissue is sliced into very thin sections after being embedded
either in wax or cryo-sectioned as frozen mounted sections. As part of the revelation
of tissue structure and cellular function, various stains can be applied to sectioned
tissue. Such stains can range from the commonly used combination of haemotoxylin
and eosin (H+E), used to stain nuclei (haematoxylin, purplish blue) and the
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extracellular matrix (eosin, pink). An example of this stain being used to affect limbal
characterisation is in the sequential slicing and staining of the limbal structure using
H+E to reveal the undulations within the LESC niche, through the POV, as

exemplified in Figure 1.6 (Dua et al., 2005).

In addition to the use of structural revealing stains such as H+E,
immunohistochemistry, exemplified by Figure 1.8, can be used to look for markers
of interest in a given sample, alluding to the tissue and their constituent cell
functions. In the characterisation of the LESC niche, epithelial markers such as the
cytokeratins 13, 14, 15 and 19 were shown to be localised throughout the limbal
epithelium, identifying these cells as epithelial (Dua et al., 2005, Pathak et al., 2016).
The limbal epithelial stem cell markers ABCG2 and P63 have been used to identify

basally located LESCs (De Paiva et al., 2005, Shanmuganathan et al., 2007).
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Figure 1.8: H+E stained sequential sections of the LESC niche. B-AD shows
how the niche propagates through the POV, interspersed by undulations.
Magnification is 100X, image taken from (Dua et al., 2005).

1.5.2 3D Imaging of the LESC Niche

In association with the sliced methodologies of collating imaging information
about the LESC niche, there are alternative imaging modalities to view the LESC
niche. These modes of imaging, including variants of confocal microscopy, can
reduce the destructive impact that slicing tissue can impart on the tissue structure.
A notable study by (Grieve et al., 2015) characterised the mammalian LESC niche
using confocal microscopy, revealing the undulating structure around the entire
limbal crypt. Additionally (Notara et al., 2011) using confocal microscopy with
immunostaining in conjunction with scanning electron microscopy to reveal
structure, determined the functional and phenotypical similarity of the porcine limbus
to humans. In a similar vein, (Massie et al., 2015) outline a protocol for resin
embedding whole limbal tissue for high-resolution scanning electron microscopic

imaging.

1.5.3 Mechanical Characterisation of Corneolimbal Tissue

The characterisation of corneolimbal tissue pre-OCE has been restricted to
traditional compression-based methodologies. A prime example of a compression
methodology would be the use of nanoindentation to derive Young’'s modulus for
the corneoscleral rim, wherein the limbal region was found to be 10Kpa by this
method (Eberwein et al., 2014). Concerning surface compression methods, a
method of the analysis of anatomical mechanical properties at high resolution was

the use of atomic force microscopy to measure the Bowman’s layer, Descemet’s
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layer and the anterior layer which yielded Young’s moduli ranging between 2-
123Kpa (Last et al., 2009, Last et al., 2012). However, an application which could
be considered a precursor to OCE would be the derived optical image-based
analysis based on set intra-ocular pressures. Here image sets were acquired across
cadaveric donor corneas, and then the regional stiffnesses were calculated based
on the strain measured when the tissues were subjected to a defined intraocular

pressure (Hjgrtal et al., 1996).

1.5.4 Optical Coherence Tomography

Optical coherence tomography (OCT) is an imaging modality which utilises
long wavelength light (typically towards the infrared end of the spectrum) to be able
to penetrate shallow depths in certain media, particularly soft tissue. Although there
is a large growing variety of OCT technologies, commercially and within research,
the governing principle behind OCT is the same. The near-infrared light is split into
separate paths by an interferometer, the scanning beam is directed to the sample
while a reference beam is directed via a separate arm to a mirror. The scanning
beam, typically a linear scan across a b-line, is scattered and reflected by the sample
back towards the device. The reflected scan beam superposes with the reference
beam and the coherence is recorded by a photodetector and processed into an
image by a computer (Aumann et al., 2019). In non-mechanical dependent methods
of A-scan generation (for example Fourier domain OCT and spectral domain OCT),
the A-scan component is computed, not scanned mechanically across the optical
path. During this computation, the acquired spectrum is processed using a Fourier
transform to generate the computed A-scans which can be computed into visible

images. (Zhang et al., 2016).
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Figure 1.9: Schematic representation of a spectral domain OCT (SD-OCT)
system. SD-OCT records the diffracted scan beam (which splits the beam into
spatially separated wavelengths) using a high-speed line camera (Li et al., 2012,
Aumann et al., 2019).

Optical coherence tomography is a clinically utilised technology that is
typically used in clinics and by optometrists to measure the thickness and quality of
the retina. In retinal diagnostics, it is typically used to screen for macular
degeneration and diabetic retinopathy. However, OCT is becoming an emerging
imaging technology in other tissue applications and is seeing translation in epithelial
studies. Of interest is its application in ocular surface study. Currently, high-
resolution images are restricted to relatively wide-view structural imaging (where the
structural imaging encompasses several millimetres of width) often over a large
radial cross-section over part of the sclera, the limbal crypt and a substantial part of
the central cornea. This is advantageous in the diagnosis of wider corneal disease,
for example, the diagnosis of pterygium and keratoconus (Soliman and Mohamed,
2010, Rocha et al., 2013) It is still however limited by structural resolution for niche

imaging.

OCT has also been used in the diagnosis of limbal stem cell deficiency,

however, like the aforementioned examples the resolution of the limbal structure
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was low and restricted to broad regional resolution due to the wide imaging window.
However, it is of valuable note that macrostructural changes, including fibrosis, were
detected to allow the diagnosis of LSCD (Mehtani et al., 2017). As these
developments move forward, it is becoming increasingly possible to use high-
resolution OCT to resolve limbal crypt microstructure. Such advancements in the
increase of imaging resolution can be attributed to the refinements of the bipartite
nature of OCT resolution; the transverse resolution and the axial resolution (Drexler
2004). Optimisation of the axial resolution is mainly found in the improvements in
technical specifications of setup components. For example, a laser with a specific
near-infrared wavelength such as 800nm (Werkmeister et al., 2017) will yield a
greater structural resolution, by having a smaller axial resolution, compared to a
device using a longer spectral laser wavelength (Ishida and Nishizawa, 2012). In
terms of transverse resolution, optimisation of this property can be improved in the

same manner as other optical systems as it is related to the focal point of imaging.
Transverse resolution is governed by the focused transverse spot size, given as eiz

of the radius of a Gaussian beam, where the beam is defined by:

Ay = 41 f
x= (D)
Where d = the spot size and f = the focal length. In lieu of this, the transverse

resolution is also relatable to the double Rayleigh length of the objective, defined

as:

) _nAxZ
=2

This means that to optimise the transverse resolution, the aperture size can
be reduced at the cost of diminishing focal depth (thus reducing the depth of

penetration and working distance) (Drexler, 2004). The use of computed profiling
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from Fourier domain OCT shows the possibility of quantifying the epithelial rete peg
and palisade ridges within the palisades of Vogt using this technique (Haagdorens

et al., 2017).

1.5.6 Optical Coherence Elastography

Optical coherence elastography (OCE) is an advancement of OCT. In this
modality, an OCT system is used as the camera capture system whilst a mode of
agitation (whether sample or camera-based) is imparted to induce an intentional
displacement in the sample. The differences in the tracked displacements in the
sample are compared to relative regions within the sample or standards of known
stiffness (Kennedy et al., 2014). Currently, investigation into the limbal niche is fairly
restricted, with ophthalmologists focusing mainly on the central cornea (Lan et al.,
2021) or the determination of intraocular pressure (Ma et al., 2023). Whilst these
parameters have extensive clinical use i.e. the monitoring of corneal quality and the
diagnosis/monitoring of diabetes, there is little focus on the LESC niche. However,
there have been studies performed on the limbus in comparison to neighbouring
structures, including the cornea and the sclera (Zietcovitch et al., 2020, Zhou et al.,
2019). Whilst these studies provided valuable information on the limbal anatomic
stiffness as a macrostructure in comparison to neighbouring features, there was no
high-resolution insight into the finer POV microstructure of the LESC niche. As there
are OCT modalities that can reveal these structures it was hypothesised there is a
capacity to mechanically characterise these features together moving forwards as

part of the scope of this research.

63



1.6. REPLICATION OF THE LIMBAL STEM CELL NICHE

1.6.1 The Current State of Limbal Replication

In terms of true limbal replication, there are limited studies on full replication.
This is due to the complexity of the internal topography innate to this epithelial stem
cell niche. This challenge is manifested through the limbal compound crypt
architecture. Therefore the existing limbal replication studies focus on the
generation of singular crypts, such studies include those such as the generation of
biomimetic limbal crypts in RAFT (Real Architecture for 3D Tissues) constructs
(Levis et al., 2013). More novel applications such as microfabricated pockets in
poly(lactic-co-glycolic acid) to aid in limbal epithelial cell outgrowth in an ex vivo
culture model for a regenerative application can constitute limbal replication studies
(Ortega et al.,, 2014). However, these can present significant pitfalls when
considering the true architectural replication of the limbal stem cell niche, in
particular the complex crypt-within-a-crypt presentation, is brought into question.
However, the generation of biomimetic limbal stem cell populations, with
regenerative therapeutic capacity, holds promise for eventual clinical

implementation.

In addition to structural replication, microenvironmental replication has been
achieved through the employment of bioreactor technology. Perfusion technology in
this field is better known for being employed to preserve whole cornea and
decellularized cornea samples (Guindolet et al., 2017, Garcin et al., 2019).
However, perfusion technology has also been applied to the study of flow shear
stress on limbal epithelial expansion (Kang et al., 2014). This study highlights the

effect of micro-scale mechano-stimulation administered to the cells topically,
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therefore demonstrating the prevailing need for the expansion of bioreactor
development and investigation in this field, especially from a mechanical

perspective.

Though the challenge of true limbus replication is far from being achieved,
current studies demonstrate the ability to isolate and maintain the limbal stem cell
phenotype and subsequent manipulation thereof. The main purpose behind limbal
replication is to create a biomimetic stem cell niche in vitro to have therapeutic
potential in corneal regenerative medicine. In addition to studies which intend to
structurally replicate the limbus, targeted central corneal regenerative studies
(through the use of corneal progenitors (including dissociated limbal-derived stem

cells)) have qualities attributable to limbal replication (Table 1.4).
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Limbal niche cells to
reduce angiogenesis in
cultivated oral mucosal
epithelial cells

Microenvironmental
study

hair follicle stem

promising source of inducible (through

Study/Purpose Type of study Cells Primary result Reference
Long-term culture of Human cornea The our:growthh of orggrlus;ad cornea: Szab6 et al.,
corneal explants limbal explants tissue has the potential for cornea 2015
regenerative medicine
The Plastically compressed collagen gel
Structural/Architectural was demonstrated to be a superior
Compressed Collagen | tissue engineering LESC culture substrate with the LESCs
Gels as scaffolds for Bovine LESCs presenting more biomimetic corneal | Mi et al., 2010
Limbal Epithelial Cells epithelial structures  with more
biologically representative cell
morphology/stratification
Induction of Hair follicle Achievement of HF - CE (like)
— corneal epithelial (like) Murine vibrissa | differentiation, demonstrating a

Blazejewska et

cells the limbal micro environment) pluripotent al., 2009
cells for corneal tissue engineering
Significantly lesser angiogenic potential
Ra.lt Or".’ll mucosal co-culturing COMECs with LNCs
epithelial —cells compared to conditioned medium or a
(COMECs), rat 3T3pl howi g Duan et al,
imbal niche cells ayer, showing a more promising | ,,. g

(LNC) and 3T3
cells

avenue for limbal COMEC
transplantation as a developing LSCD
therapeutic option.

Table 1.5: Examples of studies which constitute limbal replication. This collation of examples provides insight into the broad
definition of limbal replication. Replicating the niche and niche properties does not have to be restricted to full architectural.,
physiological replication or complete biomimicry, though as a field it has limbal replication has yet to achieve either of these goals.
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1.6.2 Control of Differentiation Gradient and Migration out of The Niche

In addition to direct biochemical which generally maintains stemness, cellular
mechanobiology, which is tied to tissue dynamics and architecture, is now widely
demonstrated to affect cell fate and maintenance. Recent studies seek to elucidate
the precise mechanism of mechanotransduction and its subsequent effect on tissue
growth, regeneration and development. Such studies are essential to the
development of regenerative medicine and have vital value when applied to stress
epithelial organs such as skin, intestine and vasculature. These principles can also
be applied to limbal engineering, particularly when concepts such as the XYZ
hypothesis of corneal expansion and its subsequent effect on limbal stem cell
differentiation are considered (Thoft and Friend, 1983, Joon et al., 2014). The
drawing effect of epithelial expansion, as outlined by this XYZhypothesis (also
regulated by the crypt shape) is proposed to be a driving force in the causation of
differentiation by mechanical means, mediated by mechanotransduction signalling.
The stiffness of the crypt, at the cellular and tissue level can be attributed to the
matrix stiffness which serves not only as the supporting substructure but also as the
key physical effector in translating mechanotransduction signalling. Matrix stiffness
has been demonstrated to influence LESC differentiation with a pro-corneal
tendency, as seen in a comparison between uncompressed and compressed
collagen gels which reported moduli for each of ~3Pa and ~2.9 KPa respectively

(Jones et al., 2012).

Through in vitro cultures and subsequent manipulations, it is observed that
changing the shape of the epithelial stem cell niche can determine stem cell fate in
terms of stem cell commitment. Such alterations include the modification of niche

shape through changes in topography and alterations in crypt stiffness. Current
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studies into topographical alterations use nanopatterning of culturing surfaces or
membrane base approaches. The membrane-based approach by (Helling et al.,
2018) introduced a dynamic method of altering the skin epithelial stem cell niche
(Helling et al., 2018). From this it is observed that the imposed undulation caused
clustering in human neonatal keratinocytes, which exhibited high expression of beta-
1 integrin, E-cadherin and nuclear YAP, thus indicating a potential mechanism in
the mechanobiological determination of the fate of stem cells in the epithelial niche.
This clustering behaviour also highlights a preference by LESC which tightly
localises within a crypt environment. It is proposed that this shape-based-
localisation enhances all regulatory mechanisms, including biological and physical

methods to both maintain stemness and induce differentiation.

Another study also implicates YAP in fate determination through the YAP-
TAZ and Notch signalling pathways via mechanotransduction signalling. Such
determination was achieved through the observation of high-volume differentiation
and cell cycle termination in YAP/TAZ depleted cells (depletion by short interfering

RNA) (Totaro et al., 2017).

Therefore it is plausible to propose that the crypt shape in terms of steepness
and curvature affects stem cell maintenance by having a physically additive effect
(through the effects of cellular mechanobiology) on the stem cell maintenance
pathways within the crypt. Additionally, it may be proposed that the crypt slope at
different gradients affects LESC proliferation and differentiation. This is in line with
the XYZ hypothesis (Thoft and Friend, 1983, Joon et al., 2014) and other in silico
crypt-based growth models. Which although being intestinal tissue-based has
strong relatability in terms of crypt niche function (Sei et al., 2019). Furthermore, in-
depth characterisation of the effect of limbal crypt morphology on stem cell fate will

elucidate the downstream effects of optical surface inflammatory disorders on
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LSCD, transplant efficacy and predictive capacity. There is a current deficit in the
capacity to predict whether an individual is liable to develop corneal abnormalities
arising from LSCD later on in life due to a pre-existing condition and/or pathology. If
this shortfall is addressed, a working LSCD, limbal degeneration or injury model

could prove an invaluable tool for healthcare services.

From these in vitro investigations it is becoming increasingly possible to
characterise the mechanism by which the alterations to the epithelial stem cell niche
translate into niche disruption through the progression of the disease state. It is
apparent that compressive or tensile loaded systems have not been used for limbal
niche research, It is proposed that manipulation of crypt shape/depth, using such
principles can exert the mechanobiological cues and influence limbal differentiation
through limbal crypt physical mimicry. A similar effect has been observed with the
control of epidermal stem cell differentiation in response to crypt depth change

(Helling et al., 2018).

Pressurised fluid flow can induce mechanobiological cues through the
application of force by shear stress along the cells as demonstrated in mouse
osteocyte culture. This particular system shows the induction of calcium oscillations
through the Wnt/B-catenin pathway which is proposed to be induced by the increase
in intramedullary pressure generated by the fluid flow (Hu et al., 2015). Such
systems have cross translatability in ocular studies where the alteration of the
pressure of the agueous humour similar to the high-pressure conditions as observed
in glaucoma (Selbach et al., 2005) can be studied to assess the effect of such
conditions on differentiation in and outward of the limbus. Mechanical
characterisation of the limbal tissue using compressive methods however has been
conducted, to determine the soft tissue properties, nanoindentation of a cornea

maintained in culture (including the limbus) determined the creep profile (in terms of
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penetration depth of the limbus) and a limbal modulus of 10.4 KPa (Philipp et al.,
2014). Compression characterisation contrasts to tensile measurements (as a
secant determination of observed regional stress) of limbal tissue; Young’s modulus
for meridional measurements of the limbus yielded between 3.4 MPa and 13.1 MPa
dependent on intraocular pressure (ranging from 2 mmHg to 100 mmHg) and 5.92
MPa — 27.5 MPa for circumferential surface tissue Young’'s modulus determination

(for the same pressure range) (Hjgrtdal., 1996).

1.6.3 Stem Cell Culturing Technologies Employed in Ocular Surface Replication

There are many varied applications and cross-applications of stem cell
culturing technologies, with very little in the way of standardisation, particularly when
methodologies for LESC cultures are considered. Many of the technologies being
applied have been seen in embryonic, induced pluripotent stem cell (iPSC) and
cardiac stem cell culture, eg, Matrigel as applied in cardiac stem cell culture
(Bakunts et al., 2008, Lam et al., 2017) and 3T3 fibroblast feeder in iPSC and
embryonic culture (Knoebel et al., 2009, Fang et al., 2018, Almenario et al., 2020).
However between these culturing technologies, there are significant commonalities,
for example, there has to be a native matrix component mimicry, as seen with the
amniotic membrane, Matrigel and fibrin approaches (Table 1.5). Having the correct
matrix composition influences stem cell fate both in terms of maintenance and

guidance of differentiation.
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Culturing Approach

Purpose of the culture

Reference

Notes

Analysis of the effect of Bevacizumab on K3 and
VEGFA expression in human limbal epithelial
cells in culture

Notara et al., 2019

3T3 was used as a control for the development | Shirzadeh et al., Novgl_ human-der!ved
3T3 fibroblast feeder of a human-derived feeder system 2018 umbilical cord-derived
feeder cells used
Culture of LESC on contact lenses Toth et al., 2017
. . Novel bone marrow
Used as a control against bone marrow stromal | Gonzales et al.,
stromal feeder cells
cell feeder culture 2016
used
Expansion of limbal cells before seeding onto | Sanie-Jahromie et
transplant scaffold al., 2020
Long-term expansion of limbal explants Szabo et al., 2015
Explant Limbal-derived progenitor maintenance Zhang et al., 2014

Development of serum and feeder-free culture of
human corneal epithelial stem cells

Lekhanont et al.,
2009

Explants on Amniotic
membrane with serum
free medium

Digested Monolayer

Cells digested for
Matrigel.

monolayer seeding on

Collagenase A and
Trypsin EDTA

Isolation and expansion of comparative controls

Yam et al., 2018

Dispase Il and

Collagenase |

Cells digested for monolayer culture on feeder
layer/3D layered system

Gonzales et
2016

al.,

Dispase Il and Trypsin
EDTA

Amniotic membrane

Control for the collagen-like peptide layer

Haagdorens et al.,
2019

Expansion of potential novel stem cell source for
corneal regeneration

Yam et al., 2018

Expansion of limbal cells into corneal lineage

Dhamodaran et
al., 2016

Additionally
conjunctival and oral
mucosal epithelial cells
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Amniotic membrane

Development of serum and feeder-free culture of
human corneal epithelial stem cells

Lekhanont et al.,
2009

Explants on Amniotic
membrane with serum
free medium

Matrigel constructs for the comparison of the
effect of different matrix component substitutes
on limbal explant growth

Ahmadiankia et
al., 2009

AM used for Control

Expansion of Human LESCs

Meller et al., 2002

AM, for transplant with and without allograft for
corneal regeneration

Tseng et al., 1998

Xeno-free culture

Development of xeno-free LESC expansion

Ghoubay-
Benallaoua et al.,
2017

Additionally limbal
stromal stem cells

Xeno-free hydrogel system for corneal epithelial
cells

Chen et al., 2017

Hy-stem-c hydrogel

Development of human umbilical derived feeder
culture for xeno-free feeder system for limbal
culture

Shirzadeh et al.,
2018

Feeder-free culture

Feeder-free expansion of immortalised human | Haagdorens et al., | Collagen-like peptide
corneal epithelial cells 2019 hydrogel layer
Ghoubay- Additionally  limbal

Development of feeder-free LESC expansion

Benallaoua et al.,
2017

stromal stem cells

Development of serum and feeder-free culture of
human corneal epithelial stem cells

Lekhanont et al.,
2009

Explants on Amniotic
membrane with serum
free medium

3D Scaffolds

Scaffold for transplanted cells for corneal

transplant

Sanie-Jahromie et
al., 2020

Electrospun PCL

Expansion of LESCs for mechanobiological
analysis

Gouveia et al.,
2019

Compressed collagen
gel

Expansion of bovine LESC

Mi et al., 2010

Compressed collagen
Gel
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3D Scaffolds

Matrigel constructs for the comparison of the
effect of different matrix component substitutes
on limbal explant growth

Ahmadiankia et
al., 2009

Collagen type |

2D Substrates

Limbal Epithelial expansion

Toth et al., 2017

Contact lenses

Limbal-derived progenitor maintenance

Zhang et al., 2014

Surface-modified
contact lenses

Matrigel Matrix

Gene expression analysis of Limbal niche cells
and bone marrow stem cells

Wang et al., 2020

Differentiation of limbal fibroblasts/bone marrow
mesenchymal stem cells into corneal epithelial
cells

Katikreddy et al.,
2013

Matrigel constructs for the comparison of the
effect of different matrix component substitutes
on limbal explant growth

Ahmadiankia et
al., 2009

Fibrin Matrix

Expansion of Limbal epithelial progenitors

Riestra et al., 2017

Fibrin is human-
derived from adult
plasma

Expansion of LESC using novel 3D feeder layer
system with fibrin gel intermediate layer

Gonzales et al.,
2016

Fibrin construct for expansion of rabbit limbal
epithelial cells for autologous transplant

Talbot et al., 2006

Table 1.6: Stem cell culturing approaches and technologies applied in limbal replication. Some of these methods have been
cross-applied from previous stem cell applications with other stem cell types. Other approaches, such as novel scaffold applications
have been derived from other means. This collation demonstrates the approaches most popularly used in the field of limbal
replication for regenerative medicine.
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1.6.4 Generation of Topography, Shape Matters

In wider regenerative medicine, there is a significant reliance on biomaterials
and substantial investment in their development and study. The evolution of these
materials has taken the course from mere bio-tolerance (examples such as materials
employed in total hip replacement (Boutin et al., 1988)) to full bio-integration such as
that observed in bioglass (Cohrs et al., 2019). In the fields of regenerative medicine
and tissue engineering, biomaterials are employed to simulate in vivo environments
within a table-top in vitro setting, thus circumventing the ethical complications that are
associated with performing human and animal in vivo studies (McLaren, 2001, Lo and
Parham, 2009, Bart van der Worp et al., 2010). These materials can be used to study
the effect of changing topography concerning the stem cell niche (Helling et al., 2018)
and additionally the limbal epithelial stem cell niche (Haagdorens et al., 2019,
Dimmock et al., 2023). These biomaterials can also be incorporated into bioreactor
systems to stimulate mechanical, chemical and electrical effects on the stem cell niche
(Burdick and Vunjak-Novakovic, 2009, Mahadik et al., 2015, Pires et al., 2015, Rédling
et al., 2017, Seo et al., 2018). These approaches have been translated into epithelial
tissue engineering and subsequently formed part of the foundation of limbal niche

engineering.

A case applied to epithelial tissue engineering is the membrane bioreactor
utilised in guiding the differentiation of hepatic stem cells (Piscioneri et al., 2018). The
membrane approach can be applied to all types of epithelial stem cell cultures in
conjunction with environmental manipulations. This approach facilitates the exploration
of near biological mimicry of the native tissue environment and its relation to disease

state (loss of elasticity/surface tension, change in media microenvironment). Such
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changes will allow further in-depth characterisation of the epithelial stem cell niche
internal mechanisms and its interaction with native committed tissue, immune cells and
incoming mesenchymal cells. Bringing together the concepts of tissue mimicry and co-
culture are vital concepts are vital considerations for the creation of true tissue-like in
vitro models. These should be considered when a growth/expansion system or a
disease modelling system is being designed. An example of a limbal cell expansion
system following a similar epithelial tissue expansion system is the use of an amniotic
membrane for cell expansion. For regenerative applications such as potential
regenerative graft applications, mesenchymal stem cells (MSC) can be expanded on
the surface for the membrane+cell layer to be applied as a “patch” for skin regeneration
(Aghayan et al., 2022). This use of surface biomicry can be directly compared to its
application in LESC -cultivation where suturing of the amniotic membrane was
performed to create crypts to increase the number of limbal progenitor cells (as
determined by an increase of >20% p63a expression in sutured membranes compared
to flat) (Bisevac et al., 2023). Here the subtle differences in the same expansion
technology (amniotic membrane) between the tissue types is the end point application,
where in the case of the MSC culture the expanded patch was ready for graft
application, the LESC expanded amniotic membranes required an additional

topographical consideration for the preservation of the desired stem cell type.

To further understand how it may be possible to apply the techniques being
discussed, especially in the context of limbal epithelial stem cell niche engineering, the
responses of the stem cells in all states must be assessed. Understanding all of the
tissue properties, particularly soft tissue in the context of corneal replication grants the
best insight into the possible tissue/tissue constructs in all environments. Soft tissue

dynamics has been investigated since the 1960s and reviewed multiple times. A recent
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review explores the capacities of structural modelling of soft tissues, and the relation
of the matrix and its components to the mechanical performance, which translates to
the downstream physiological impact on the mechanobiology of the soft tissue that can
be assessed through modelling (Lanir, 2017). This research highlights the importance
of the consideration of cell adhesion and matrix composition when generating tissue
constructs or material-dependent cell studies such as topography-induced
differentiation/alignment. Consideration of tissue mechanics features heavily in the
selection of appropriate biomaterials for tissue replication. For example, bone tissue
engineering requires the use of stiff, strong materials to mimic or indeed take on the
structural role of the implanted bone a notable example being the use of a 3D printed
Polyetheretherketone (PEEK) calcium hydroxyapatite composite as a potential
implantable material (Olodapo et al., 2020). In contrast, soft tissues such as skin
require drastically softer materials for tissue replication, such as the fibrin agarose gels
evaluated for use as a skin replicating biomaterial (lonescu et al., 2020). Due to
similarities in tissue elastic modulus between the limbus and skin (~8MPa for skin and
1.6MPa for the limbal ring) (Asejczyk-Widlicka et al., 2007, lonescu et al., 2020) a soft
gel based material such as the skin replicating fibrin agarose gel should be considered

for limbal engineering.

Patterning of culturing substrates has been observed to have a significant
impact on the localization, arrangement, differentiation and cellular function of cells.
Substrate topography encompasses an enormous scope of different surfaces, ranging
from variants of micropillar arrays to rough-etched nano topographies, to wrinkled
polymer substrates. In the replication of the limbus, few topographies can match the
native architecture of the limbus in vivo including grooved and ridged topographies. An

early example of such is the creation of bioengineered limbal crypts which have been
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grown on moulded micro ridges on a RAFT construct. This process demonstrated a
high proportion yield of LESCs with the p63a marker (Levis et al., 2013, Levis et al.,
2015), Though maintaining a pure stem cell pool is good with such a construct, it is
limited by its lack of ability to be mechanically manipulated in culture to create a

dynamic crypt model.

Static systems as established, maintain stemness, however, what is not well
defined is the use of dynamic systems in ocular applications. Dynamization holds great
value for disease state modelling, with cross applications for the prediction and
correlation of glaucoma to limbal degradation (Mastropasqua, 2015). However for a
system to become dynamic the structure and the method for the creation of the
topography (upon which the cells are seeded) must facilitate movement and manifest
a biologically relevant change. Given this consideration, it may be said that surface
wrinkling, specifically polymer surface wrinkling (as recently reviewed in the Biomedical
Applications of Wrinkling Polymers) constitutes a suitable candidate for limbal

replication (Dimmock et al., 2020).

1.6.5 Wrinkling for the Creation of the Biomimetic Limbus

Wrinkled topography may hold the greatest potential for the creation of
biologically relevant limbal crypts. Wrinkling presents as sinusoidal-like waveforms
which propagate across the surface of a material when the bulk and surface experience
stress. The generation of wrinkles as a physical phenomenon in natural occurrences
such as skin has been extensively reviewed (Cerda and Mahadevan, 2003, Miller,
2007, Genzer and Groenwold, 2006). As a basal requirement for wrinkle formation,
particularly in the context of the creation of crypt topography on ‘chip devices’, the

surface (can also be referred to as ‘skin’ or ‘film’) must be stiffer than the bulk (Genzer
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and Groenwold, 2006). Often discussed in terms of modulus, the formation of the
wrinkles can be predicted. A simplistic model, as proposed by Allen in 1969, can be
used to predict wrinkle formation within an ideal system. Expressed in terms of the
critical wavelength (A), layer thickness (h), plane strain moduli for both the surface and
bulk (Es and Er) where Es = Es/(1/vs?) and Er = Ex(1/v?) with the Poisson’s ratio for each

(vs and vr). The equation:

1
E 3
A = 2mh <3Ef>

This work (Allen, 1969) does present some flaws however as it does not take
into account certain real material properties such as non-linearity and excessive strain
imparted in the system (Dimmock et al., 2020). There are more sophisticated models
which have been more recently generated, these incorporate the non-linear aspects of
wrinkling, earlier work used the non-linear elasticity theory (Cai and Fu, 1999) and later
work using the Gent material model, which provides a more representative model of
material wrinkling (Cai and Fu, 2019). Wrinkled have been previously used in other cell
culture applications including the investigation of antibiotic properties of wrinkles
topographies and the control of the cell's activities, including alignment, migration,
morphology and phenotypic expression markers of differentiation (Dimmock et al.,

2020).

Current methods for the generation of biocompatible/biologically representative
wrinkles have a heavy focus on the use of polydimethylsiloxane (PDMS) as a bulk
material (Tong et al., 2016, Osmani et al., 2017, Yu et al., 2018). PDMS has a Young’s
modulus in the KPa to MPa range, making it highly deformable; therefore an ideal
candidate as bulk material for the formation of wrinkled topography (Yan et al., 2019).

In addition to this core mechanical property, the biocompatibility of this material is also
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attractive. Traditionally this material is regarded as bio-tolerant with long-standing use
in medical devices and implants. A more recent application is the fabrication of anti-
bacterial PDMS films using silver nanoparticles which demonstrated bio-safe qualities
for an implantable medical device surface technology (Kim et al., 2017). This
biotolerance can be enhanced towards full integrative biocompatibility. To generate the
wrinkles, this bulk material must be modified to achieve the discussed stiffness
differential; the surface to be wrinkled must be made stiffer. There are already multiple
methods established for creating wrinkles on PDMS, ranging from early protocols using
thin film metal deposition of gold (Bowden, 1998) to biocompatible coating such as
graphene (Wang et al., 2016) and oxidative plasma treatment (Bowden et al., 1999,
Glatz and Fery, 2018). Replicating the LESC niche in a biomimetic manner will not only
rely on the underlying principles for basal wrinkle generation and biocompatibility but
also require the application of further techniques if the architectural and functional
complexity of the LESC niche is to be replicated. An example of such an application is
the generation of hierarchical wrinkled poly(urethane acrylate) substrate for the

modulation of cell physiology (Seonwoo et al., 2016).

1.6.6 Types of Bioreactors Used in Tissue Engineering and Their Use in Limbal

Replication

It is appreciated that in addition to the limbal-specific examples of replication
studies described in this research, there is a plethora of bioreactor technology being
employed in other tissue engineering fields which has strong application potential to
this field. The following examples serve to highlight such applications: the creation of
an in vitro intestine system to represent the human intestine using a 3D epithelial cell-

seeded silk perfusion tube system (Zhou et al., 2018), the engineering of skin epithelial
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stem cell crypts using moulded microwell (pit) topography (Abaci et al., 2018) and the
use of microscale bioreactor technology for the investigation of Caco-2 cell
physiological function in a biomimetic villus-like structure with fluid perfusion dynamics

(Costello et al., 2017).

For direct limbal applications, there is very little bioreactor technology being
specifically developed for microscale applications. That said, there is an investment in
material-based applications. An example of this is the development of sandwich co-
culture wherein limbal stem cells are cultured in the same vessel as the feeder cells,
but separated by a porous membrane and/or fibrin layer with differentiation controlled
by air-lifting (Deng et al., 2016). Additionally, concepts utilised in whole corneal and
corneoscleral rim preservation technology rely heavily on bioreactor technology. These
principles and studies (in the pursuit to preserve the entire cornea) can have the
potential for significant cross translatability to limbus preservation and investigation,
should limbus expansion and characterisation with this technology be investigated.
Examples of such technology include the perfusion bioreactor developed for cornea
storage, tested with porcine corneas, where the dynamic culture of the corneas
demonstrated an improvement in corneal clarity (therefore preservation). Within this
bioreactor, multiple physiological characteristics were controlled including; intraocular
pressure and the use of airlifting and perfusion. Improved corneoscleral preservation
was observed in porcine tissue, maintaining physiological quality for nearly 1 week,

preserving both the limbus and the epithelium (Guindolet et al., 2017).

In addition to these ophthalmological transplant-specific innovations,
applications such as dynamic substrate-based mechanobiology studies for guided

epithelial stem cell differentiation can also be considered to be bioreactor studies as

80



these are defined, controlled conditions for determining desired cell growth, with strong

cross translation to limbal crypt research (Helling et al., 2018).

In addition to the requirement for further study into the epithelial stem cell niche
reaction to environmental cue changes, it is important to maintain the physiological and
anatomical likeness of both simulations in bioreactors, experimental culture and
potential tissue-engineered treatments. Maintaining such a likeness will enable the
accurate prediction and anticipation of niche reactions to transplantation and the target
disease state, facilitating optimized renewal and regeneration. Current approaches are
steering towards this end goal of physiological mimicry however there is a requirement
for multi-factor testing to characterize multiple cue effects simultaneously and their
possible interactions. Thus furthering understanding of both cue downstream effects
and enabling genuine optimization of niche activity for both therapeutic purposes and

physiological homeostasis after transplantation.
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1.7 RESEARCH SUMMARY

1.7.1 Clarification of the Aim for the Research

The research aims to develop a biomimetic system which replicates the Limbal
Epithelial Stem Cell Niche (LESC), not only in a static form as seminally established
but also in a novel dynamic form to model the anatomical homeostasis of the niche.

This aim is further refined by the three practical aspects of the project:

0) Characterize the LESC Niche using non-destructive modalities including
(but not limited to) optical coherence tomography (OCE) and optical
coherence elastography (OCE).

(i) Validate the concept of using elastomeric substrates featuring surface-
engineered wrinkled properties to generate an actively tunable topography
that will enable effective limbus replication.

(iii) Design and fabricate a bioreactor capable of sustainable reproduction of
the artificial constructs which mimic the LESC Niche to create a model

which has translatability towards modelling such as LSCD.

The objectives are to contribute to the effectiveness of Corneal LESC Niche simulation

and characterization by:

- Investigating and developing the use of non-destructive modes of analysis of
the limbal anatomy at the niche level. Principally by using optical coherence
tomography (OCT) to explore structure and optical coherence elastography
(OCE) to explore the mechanical properties of the tissue.

- Designing and fabricating new substrate systems to replicate the limbal stem

cell anatomic niche.
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- Investigating the effect of the physical change in the anatomic niche, by
substrate dynamization and curvature, on limbal stem cell fate as predicted to
be a factor in age-related deterioration and diseases such as LSCD. These
fate changes are to be assessed as a function of both physical control and the

maintenance of stemness within each substrate type.

1.7.2 Research Questions

2. Can the non-destructive imaging modalities OCT and OCE be utilized to
effectively characterise (structurally and mechanically) the limbal stem cell
niche?

3. Through novel use of smart material substrate modification, bioreactor design
principles and the culturing principles from established stem cell technologies,
can an effective dynamic biomimetic system be produced that facilitates cell
growth?

4. Can the surface engineering process method produce surface wrinkles which
enable:

(1) Characterization of these artificial constructs and analysis of the
effect of these generated topographies on limbal stem cell behaviour
and effective limbus replication.

(i) Enhanced understanding of how alterations in the anatomic niche
change the fate of LESCs and the linkage with Limbal Stem Cell
Deficiency (LSCD).

(i)  (iii) Progression towards a model which can simulate the natural
ageing process and/or diseased states.
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5. 4. What benefits can be gained from the development of a dynamic model
replicating the LESC niche, above those witnessed using static form replication?
6. 5. To what extent can the method be seen to facilitate a practical application

in the discipline?
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Chapter 2. Materials and Methods
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2.1 SUMMARY OF REAGENTS

Table 2.1 is a compilation of all reagents used in the undertaking of the research

within this thesis. Each item is categorised by application type and the supplier

catalogue (Cat. No.) is included for reference.

Type Item Cat. No. Brand/supplier
Basal DMEM-F12 11320033 Gibco
medium
Basal DMEM high glucose 11965092 Gibco
medium
Complete CNT-Prime CNT-PR CellnTec
medium
420355- :
Supplement Isoproterenol 100MG Sigma
Supplement | Insulin-transferrin-selenium (ITS) 41400045 Gibco
Supplement Penicillin-streptomycin 17-602 Lonza
Supplement B27 supplement 17504044 Gibco
Supplement Adenine A2786-5G Merck
Supplement Hydrocortisone H0888-1G Merck
Supplement Calf serum 30-2031 ATCC
Supplement Foetal Bovine Serum 35-016-CV Corning/SLS
Bio-Reagent | Phosphate buffered saline (PBS) 21-040-CV Corning/SLS
Bio-reagent Trypsin-EDTA 15090046 Gibco
Bio-reagent Gentamicin 15710064 Gibco
Bio-reagent Amphotericin-B 15290018 Gibco
Bio-reagent Dispase-ll D4693-1G Merck
Bio-reagent Collagenase-A 10100315 780 Roche/Merck
.P”m Flashforge PLA blue PLA1KG Flashforge
filament
.P”m Flashforge ABS green ABS1KG Flashforge
filament
Assembly A2 stainless M3 x30 mm socket SSCF-M3- AccU
parts head bolt 30-A2
Assembly A2 stainless M3 nut HPN-M3- Accu
parts A2
Assembly 316L Stretch bioreactor arms custom Kloekner metals
parts order
. : GHS216- :
Stain Haematoxylin 500ML Sigma
Stain Eosin Lamb/100 | Raymond A Lamb
D Ltd
Stain CellTracker Green CMFDA C2925 Thermofisher
Scientific
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. 4',.6-Diamidino-2-Phenylindole, Thermofisher
Stain Dihydrochloride (DAPI) D1306 Scientific
Stain Phalloidin-Texas Red T7471 Therr_noﬂ_s_her

Scientific
Reagent Triton X-100 9036-19-5 Merck
Bio-reagent Bovine serum albumin Merck
Bio-reagent Human serum Ha522- Corning/SLS
g 100ML g
Antibody Anti-P63 ab124762 Abcam
Antibody Anti-CK3 ab77869 Abcam
Antibody Anti-ABCG2 ab229193 Abcam
Antibody |AlexaFluor 488 conjugated Anti-K12 | ab22216 Abcam
Antibody Anti-vimentin MAB2105 Bio-techne/R&D
Biosystems
Antibody PE-conjugated Anti-ABCG2 FABoosp | Dlo-techne/R&D
Biosystems
Antibody PE-conjugated Anti-Vimentin IC2105P Blo-f[echne/R&D
Biosystems
Antibody PE-conjugated Anti-Nestin IC1259P Blcg_techne/ R&D
iosystems
Antibody NL637 conjugated_Donkey-Antl- NLOO5 B|0-Fechne/R&D
rabbit Biosystems
Antibody NL493 conjugated Donkey-Anti- NLO09 B|0-Fechne/R&D
mouse Biosystems
Reagent Ethanol-denatured for IMS 70% 3221-M Merck
Material Kit | Polydiemthylsiloxane: Sylgard-184 2646340 Dow Corning
. : 438073-
Reagent Nitric acid 100ML Merck
: . 258105-
Reagent Sulphuric acid 1L-PC Merck
Reagent Dopamine Hydrochloride HEZBEOGZ- Merck
. 648310-
Reagent Tris base (powder) 500GM Merck
Reagent Hydrochloric acid 2528&8' Merck
Reagent Gelatin from bovine skin gel strength G9382 Merck
2259 Bloom
. . 276685-
Reagent Methacrylic anhydride 100ML Merck
Lithium phenyl-2,4,6-
Reagent trimethylbenzoylphosphinate (LAP) 900889-1G Merck
Reagent Vitronectin SRP3186 Sigma
Reagent Rat tail collagen (low) 11563550 Fisher Scientific
Material Polylactic-co-glycolic acid untraeceabl Group stocks
Material Polycaprolactone — medium 704105- Merck
molecular mass 100G
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Solvent Chloroform 3626257' Merck
Adhesive | Sificone rubber compound (liquid | 147 3460 | RS Components
flowable)
Mounting Histomount 008030 Therr_noﬁ_s_her
Scientific
Fixative Paraformaldehyde 1538}%(2;7_ Merck

Table 2.1: Summary of reagents used across all methods summarized in this
chapter.

2.2 PRINCIPLE METHODS

Figure 2.1 Introduces all of the methods used in this thesis, categorising each
method into their area of interest and highlighting which chapter they were utilised in
graphically.
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Figure 2.1: Graphical overview of methods covered in this thesis. Each of the
methods used is segregated by the area of interest and their implementation in the
thesis.
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2.2.1 Optical Coherence Tomography and Elastography

2.2.1.1 Optical Coherence Tomography (OCT) — High-Resolution

The OCT imaging system used to obtain en-face images was a lab-built spectral
domain OCT system (SD-OCT), utilised at a a research collaborator’s facility at the
University of Dundee. The system comprised a broadband laser with a centre
wavelength of 1310nm and bandwidth of 110nm, a reflecting mirror array, a X10
LSMO2 objective lens (Thorlabs, USA) and a high-speed InGaAs linear array, of

maximum sampling frequency 91,912 Hz (SUI, USA).

Image data was initially captured using a customised LabView program
(National Instruments, USA) and then processed into viewable images using a custom
script in Matlab (MathWorks, USA). The OCT setup was operated, and data was
acquired following the previous study (Song et al., 2013). The volumetric data stacks
were converted into en-face images using median average projection and intensity
profiles were extrapolated using ImageJ using the plot profile function. The
guantification was also performed using ImageJ where the x-axis was plotted in
micrometres and represented the true lateral scale for epithelial rete peg and palisade

ridge measurement.

2.2.1.2 Optical Coherence Elastography

The OCE procedure was performed utilizing the same OCT camera setup with
an x10 magnification lens as aforementioned. However, in the OCE acquisition, the
external vibration system (shaker) was employed to impart a vertical oscillating

displacement on the sample, which was detectable by the phase-sensitive (PhS-OCT).
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Thus the depth-resolved elasticity was resolved non-destructively by the detection and
differentiation of regional stiffnesses by the changes in vertical amplitude (once the

imparted vibration was accounted for by the software) (Zhang et al., 2020).

Vibrational OCE image captures were taken as a 12s time series across a 3.65
mm B-scan line. During recording, the sample was placed on top of a vibrational shaker
(Bruel & Kjeer Sound & Vibration Measurement A/S, Denmark), controlled and driven
by a signal generator to produce vibrations with a frequency of 850 Hz and an
amplitude of mVpp (Keysight Technologies Inc., USA). The setup of the system is
depicted in Figure 2.2. These time series’ depth-resolved elasticity information in limbal
tissue with axial and lateral resolutions of 6.9 um and 12.4 um respectively. The SNR
was 53 dB and displacement sensitivity was 2 mm. The OCE data was recorded
through the customised LabView program (National Instruments, USA) and the
elastograms were processed and output using the dedicated Matlab script

(MathWorks, USA).

A 1% agar reference phantom containing 0.006% Titanium dioxide w./v. was
applied to the surface of the tissue, which was mounted on a bed of agar of the same
composition. Agar was used as a reference phantom due to its elastic modulus being
within a similar range to soft tissue. Additionally, the agar was substantially softer than
the tissue, ensuring a distinct reference was established. Using a softer reference was
advantageous for elastogram resolution as softer regions were darker (less intense)
than the stiffer regions (Li et al., 2015). When orientating the tissue on the agar, 1-2
large droplets of liquid agar were dropped onto the agar bed then the tissue piece was
placed on the solidified droplet, ensuring the tissue piece assumed anatomical
orientation and conformation. Similarly, the ImageJ was used to extrapolate intensity
values from the elastogram images which were subsequently used to calculate the
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stiffnesses of the anatomical regions investigated. These calculations were done by
averaging the ROI for the anatomical region and comparing these averages to the
average of the agar reference regions (which were of known stiffness; 14.6 + 0.8 KPa
which, as determined by compression testing and validated against literature (Li et al.,

2015)).

Computer for
image collection

LSMO02 lens
Sample

Vibrational shaker

Figure 2.2: Optical Coherence Elastography setup. This is showing an example
OCE setup where the sample is placed on top of the vibrational shaker which is in turn
placed under the custom-built PhS-OCT device fitted with an LSMO02 (x10) lens. For
accessibility in this instance, the wires to the signal generator are not connected to the
vibrational shaker.

2.2.1.3 Optical Coherence Tomography — Standardised, Lower Resolution Screening

For material observations and porcine tissue screening, a commercially
obtained OCT system at the Keele laboratory was used (Thorlabs, Germany), which

was fitted with the LSMO3 lens kit. This equipment differs principally from the lab-built
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system due to the lower lateral resolution resulting in the more appropriate use of this
equipment as a screening device. However, the detection principle is similar with this
system being a type of spectral domain OCT. B-scans were obtained using the Thor-
labs spectral radar Telestro-Il device. Image acquisition was controlled by the
dedicated Thor-labs OCT software with pixel-averaging windows set to 1x1 to obtain
the highest fidelity images possible. Image field correction was applied to flatten the
edges of the image to compensate for the lens distortion. The 3D mode was used to
acquire multiple B-scans throughout a 6 x 6 mm acquisition area to create volumetric
images. Depending on the sample being imaged, any resulting surface shine which
caused reflective artefacts on the b-scan images could be mitigated by immersion in
agueous media. A Schott cap, used to prevent lateral reflective artefacts (which are
almost always observed) when using well plates with transparent sides, was employed
as the vessel. Either distilled water (for material), PBS (for fixed or non-viable
specimens) or culture medium (for live tissues) was used for immersed samples. In the
case of live tissues, the Schott caps were autoclaved and a sterile internal environment
was maintained by transferring the tissues into the cap in a biological safety cabinet
and then sealing the cap with a sterile 35 mm petri dish lid with either autoclave tape
or parafilm. An example of a non-sterile immersed sample is demonstrated in Figure

2.3.
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Computer showing
Image acquisition

LSMO03 lens kit

Schott cap containing
sample immersed in PBS

Figure 2.3: Thorlabs spectral radar OCT setup. Here is an example of wrinkled
material in a stretching frame being imaged whilst immersed in PBS, a Schott cap is
used to prevent lateral reflective artefacts from being introduced into the final image
render. The Telestro Il unit, on which this OCT system is based, is situated out of frame
under the bench.

2.2.2 Production of the Bioreactor System and Design Principles Used in this Thesis

Figure 2.4 outlines the design and assembly processes which were employed
in the production of the bioreactor systems developed in this thesis. The workflow

outlined covers both compression and stretch frame systems.
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| Application

Process Step

Activity Output

Bioreactor Design

Equipment

Autodesk Fusion 360 CAD Software
Flashforge Creator Pro Extrusion Printer
Flashforge Flashprint 5 Software
Subcontracted flat-bed laser cutting

Computer Aided
Design

Designing 3D printed components:
« Culture ware

+ Compression bioreactor arms

+ Imaging supports

+ Chip moulds

+ Stretch frames

.STL Design Files

3D Rendered Images

Addictive
Manufacturing

Conversion of .STL files into slicing programs and
subsequent 3D extrusion printing in accordance with
stated “3D printing parameters for both PLA and ABS":
* PLA components

* ABS components

Culture ware
Support frames

Casting moulds

Subcontracted
Manufacturing

2D laser profiling in 316L stainless steel:
+ Remove substrates

Compression arms

Stretch arms

Sterile Assembly

!

Preparation for use:

* Hand-finishing of components

* Sub-assembly of bioreactor components

* Sterilization protocols for (i) steel (ii) polymer parts

Bioreactor(s)

Figure 2.4: Process flow for the design and production of bioreactor system components and cultureware. Here the processes for the
design, manufacture and assembly of the bioreactors, their components parts and 3D-printed cultureware are visually summarized.
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2.2.2.1 Use of Computer-Aided Design

Fusion 360 (Autodesk, USA) was used to design and export the 3D models for
all 3D printed cultureware, compression bioreactor arms and imaging supports
produced by additive manufacturing. The models for each were exported in the. STL
format. Fusion 360 was also used for 3D renderings of designed models for illustrative
purposes, in particular the PDMS chip mould and the stretch frame models. The CAD
functionality of this program was utilized in the design of the stretch frame arms which
were subsequently laser cut from 316L stainless steel (Kloekner Metals, UK).2.2.2.2

3D Printing.

The STLs were sliced into the .x3g format for printing using the Flashforge
FlashPrint 5 (Flashforge, China) utilizing the fast settings. The print parameters were
automatically set to as per Table 2.2. The printing for most parts was performed using

the Flashforge Creator Pro extrusion printer in polylactic acid (PLA).

For culture, the retainer rings and printed bioreactor frames were sanitised in 70%
ethanol or industrial methylated spirits for 40 minutes and dried in the biological safety
cabinet immediately before use. The PDMS chip mould needed to be heat resistant to
70 °C without warping during PDMS curing, therefore Acrylonitrile butadiene styrene
(ABS) was ideal due to having a higher glass transition (100°C) temperature than PLA
(56 °C) (Rosli et al., 2020, Barassa et al., 2021). To create a smooth mould surface,
the ABS mould was vapour smoothed. In a fume hood, a lidded large glass petri dish
of acetone was brought to boiling point (56 °C). When vapour was visible, the moulds
were placed face down in the vapour layer on metal supports, above the acetone layer
and the glass lid was replaced. After the vapour layer re-establishes the parts were
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incubated for 60s before being removed. The parts were initially aired in the fume hood
for 30 minutes and left for at least 24 hours before being used. Smoothing was

repeated if there were any significant surface aberrations.

Parameter Value PLA Value ABS
Nozzle size 0.4 mm 0.4 mm
Extruder temperature 200 °C 220 °C
Bed temperature 50 °C 105 °C
Layer height (average) 0.3 mm 0.3 mm
Fill density and 10% 15%
patterning Hexagonal Hexagonal
Print speed average 70 mm/s 60 mm/s
Shell count 2 2

Table 2.2: 3D printing parameters for both PLA and ABS. The parameters are
based on the “Fast” settings used in the FlashPrint 5 slicing program for PLA and the
“Fine” settings used for ABS.

2.2.3 Substrate Fabrication and the Creation of Wrinkled Surfaces

Figure 2.5 introduces the processes involved in producing the various wrinkled
surfaces employed throughout this research. All method types used throughout are

included.
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| Application

) |

Process Step

TS T

Substrate & Surface
Engineering

Equipment /
Materials

Proprietary polymer formulations:
* PDMS; PLGA; PCL

Diener Femto Plasma System
Stretch Frame Bioreactor

“Summary of
Reagents” table

Polydimethylsiloxane
Bulk & Chip Casting

Preparation of the PDMS material to be used in
production of wrinkled substrates:

+ Sylgard 184 kit

+ Bulk form

*+ Chip casting

PDMS Chips

Membrane Casting

Solvent casting of polymer membranes for lamination
with PDMS castings:

+ PLGA - 85/15]actic/glycolicacid

+ PCL-704105-100G

PDMS base bonded with either membrane type using a
silicone rubber compound adhesive.

Membranes

Laminated
Substrates

Surface Wrinkling
(a) by Acid
Oxidation

Wrinkling induced by immersing pre-stretched
substrates in sulfonitric acid treatment:

+ 5sexposure to acid

* Quenched in 0.1M sodium hydroxide

* Spaked 10 mins in water, then air dried

Wrinkled Substrates

Surface Wrinkling
(b) by Oxygen
Plasma Treatment

'

Wrinkling induced using low temperature oxygen
plasma on pre-stretched substrates, which are then
allowed to relax post-treatment.

Wrinkled Substrates

Figure 2.5: Process flow diagram for material treatment to produce wrinkles. This diagram summarizes the workflow to produce wrinkles
substrates, the acid oxidation (a) and plasma treatment (b) can be performed sequentially to produce dual-treated substrates.
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2.2.3.1 Polydimethylsiloxane Bulk/Chip Formulation and Casting

Polydimethylsiloxane was used as the base material for the generation of
wrinkled substrates in all applications, both investigative and for cell culture. The
fabrication of this base material utilized the Sylgard 184 kit (Dow Corning, USA). The
kit comprises two parts, an elastomer base, and a curing agent. These components
are proprietary reagents of Dow Corning, therefore the complete
composition/formulation is not completely disclosed. Both kit components were
combined at the recommended 1:10 ratio of curing agent to elastomer. The elastomer
liquid component was dispensed using a syringe, in the required quantity for the mould,
minus the curing agent volume into a universal and the curing agent was subsequently
pipetted into the universal. To ensure homogenous mixing, a mechanical mixer was
used to stir the elastomer for at least 1 minute until the mixture had become turbid with
fine bubbles and these had a uniform distribution throughout. The prepared moulds

were thermocured at 70 °C in an oven for 2h to yield solid gelated PDMS.

The stiffness of the resultant PDMS gel could be varied through the alteration
of the ratio of the curing agent to the elastomer. This temperature and time were
chosen as the balance between a workable incubation time between mixing and use.
This is based on the scale of lowering the curing temperature of a PDMS mixture
resulting in requiring a longer cure time to fully cure the PDMS (Prabowo et al., 2015).
At the lowest PDMS formulation utilised (2.5% curing agent) it was necessary to allow
curing to occur overnight to ensure full curing of PDMS chips before wrinkle formation

or material testing. Increasing the curing agent increases the amount of net elastomer
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cross-links able to be formed, whilst inversely, reducing the curing agent increases
softness by allowing saturation of maximum cross-links thus allowing for a more elastic

PDMS silicone gel (Sales et al., 2022).

2.2.3.2 Solvent Casting of Polymer Solutions to Create Membranes and Lamination of
PDMS Bulks to Create Wrinkles

PLGA was obtained as 85/15 lactic/glycolic acid granules (from group stocks),
whilst PCL (Merck-Aldritch, UK) was obtained in polymer pellets. The polymer
granules/pellets were dissolved in 99% Chloroform (Merck Aldrich UK) at the
proportion of 0.25% w.v. Dissolution was achieved over 24 hours using a magnetic
stirrer in a sealed glass bottle. After dissolution, the solution was poured into a 150mm
glass petri dish which was immediately sealed using tape in a flow hood. To control
the rate of chloroform evaporation an 18ga blunt-tipped needle was inserted into the
sealing tape, luerLock aperture facing downwards. The purpose of this needle was to
facilitate chloroform vapour escape, at a slow rate when exposed to the moving airflow
of the fume hood. An additional consideration to the development of this method was
the positioning of the restricted vapour vent to the rear of the fume hood to improve

fume extraction, to the benefit of other lab users.

The laminated blocks were produced by the adhesion of the PLGA or PCL
membranes to the moulded PDMS blocks using a silicone rubber compound adhesive.
The adhesive was spread in a very fine layer using a coverslip as a spreader and a 5x
magnifying glass to ensure homogenous spreading was achieved. To create the
wrinkled topography using this method, the blocks were compressed laterally, using

specially designed compression frames, typically achieving up to 20% compression.
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2.2.3.3 Oxygen Plasma-Treatment of Thin Stretched PDMS to Create Wrinkled PDMS

To induce wrinkling on the surface of PDMS, the substrate material is required
to be pre-stretched then oxidized and allowed to relax to form the wrinkles across the
upper surface (Glatz and Fery, 2018). This was performed using low-temperature

oxygen plasma, generated by the Diener Femto device.

The PDMS substrates subjected to oxygen plasma were placed surface-up in
the chamber with the applied pre-stretch either as membranes between fixed points or
in the later stages of the research, as PDMS chips on stretching frames. The chamber
was evacuated to a near-total vacuum of 0.3 mbar. The standard parameters for
treatment were; 1.5mbar Oz pressure for 10-minute exposure at 50W power. Power
variance was achieved through the amendment of parameters via the integrated
computer controller into the Diener Femto plasma machine. After treatment, the
substrates were only able to be removed from the chamber after the flush and vent

sequences were run to release the vacuum and safety maglock.

2.2.3.4 Oxidation of Stretched PDMS Using Strong Acid to Form Wrinkles.

The sulfonitric acid was prepared by first carefully introducing sulfuric acid into
nitric acid dropwise into a glass beaker immersed in an ice bath in a fume hood. Once
both acids were safely mixed to the 3:1 ratio of sulfuric to nitric acid, the sulfonitric acid
was heated to 80°C and stirred (with a magnetic stirrer) in a fume hood for 2 hours.
This step follows principles from the method used by (Watanabe et al.,) with a twofold
purpose; firstly increases the user safety of this aggressive mixture and secondly

allows better control over material oxidation as the acid is weakened (Watanabe et al.,
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2015). After thermal attenuation, the acid was allowed to cool before being transferred

to the nalgene® storage bottle.

PDMS substrates were stretched using the stainless stretching frames to 20%
elongation. These pre-strained substrates were then exposed to the sulfonitric acid,
the standard exposure time being 5 seconds. Immediately after exposure, the
substrates were quenched in 0.1M sodium hydroxide and then transferred to a large

water bath for 10 minutes. After oxidation, substrates were air-dried.

2.2.3.5 The Dual treatment Method

For dual treatment, specially moulded PDMS chips designed for the steel
stretching frames were used. These chips were pre-stretched to 20% elongation and
immersed in sulphonitric acid ( the same used in acid oxidation) for 5s. The oxidized
substrates were air-dried after a two-stage quenching. The first quench was for 15
seconds in 0.1M sodium hydroxide solution, followed by a 10-minute soak in a large
distilled water bath. After ensuring both the substrates and the stretching frames were
dry, the frames with the attached substrates were transferred to the Diener Femto
plasma treatment machine. The chips were then exposed to the oxygen plasma with
the power set to 50W, oxygen pressure set to 1.5 mbar and an exposure time of 10
minutes. To form the wrinkles on the surface, the chips were removed from frames at
this stage to relax the elongation and allow the topography to propagate across the

surface.
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2.2.4 Tensile and Compression Testing for the Analysis of Mechanical Properties

2.2.4.1 Tension Testing

Tensile testing was performed on the testometric mechanical testing machine,
configured for the tensile arrangement, with the 250 Kgf load cell fitted. The sample
polymer membranes were pre-cut into 5mm x 35mm strips, with tabs of autoclave tape
at each end to ease handling of the membrane samples and were fitted into the jaws.
The tests were manually stopped when the membranes reached or surpassed their

yield points. The test speed for the tensile tests was 0.1mms™.

2.2.4.2 Compression Testing

The machine used for compression testing was the BOSE electroforce 2300
series (Bose). Due to practical limitations, only the 22 N load cell was employed for the
compression analyses. For purposes of PDMS selection by modulus, only the initial
linear region was required, hence the employment of the 22 N load cell was
appropriate. Initial safety parameters were set up in the machine software to ensure
the protection of the load cell, the ramp was set to not exceed 0.05mm (this is in terms
of the machine’s registered displacement) and the load cell force maximum was set to
20 N in both positive and negative directions. The rate of compression application was

set to 0.01 mms™?,

Interpretation of the mechanical load test data in both compression and tension
testing was a multi-stage process. 1) The output was converted from .CSV format by
Excel (Microsoft). 2) Following extraction and calculation of the actual displacement

(zeroed value) with positive converted values. 3) They were plotted in a separate

103



software capable of handling the large volume of data points (exceeding 2-4000 per

series) (Graph).

2.2.5 Substrate Characterisation

2.2.5.1 Water Contact Angle

The water contact angle method for surface hydrophobicity was used as a
predictive measure for a substrate’s cytocompatibility. It is appreciated in biomaterial
science that an increased hydrophilicity in a material is correlated to a greater cellular
compatibility in culture, provided the surface is not cytotoxic (Ferrari et al., 2019). The
measurements were undertaken on the Attention One water contact angle instrument,
controlled using the associated software. Acquisition was taken over 10 seconds at a
frame rate of 15 frames per second. The baseline was manually drawn underneath the
droplet using the substrate as the parallel guide. The software calculated the contact
angle of the droplets between the edges of the meniscus and the baseline on both

sides of the image.

2.2.5.2 Raman Spectroscopy

The Raman spectra were acquired using the DXR Raman microscope machine
(Thermofisher Scientific) with the acquisition being controlled through the Omnic
software (Thermofisher Scientific). The collected sample was set up in the bench to
collect 6 acquisitions per point, subject to averaging to produce a final x6 average
spectrum per point. It was decided to use a custom point map acquisition due to the
inability to directly import. MAP files into the spectra processing program (Quasar)

These collection points however followed an even grid distribution over the visible
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surface to reduce bias. Post-collection, the spectra were saved in .CSV format and
analysed further using Quasar software through the “post-processing” functions to
improve the quality of the output. The parameters of pre-processing were as follows.
Firstly the spectrum had been ‘cut to keep’ between 243 and 3000 cm-1, secondly, a
rubber band baseline correction was applied and finally, a Savitzky-Golay filter with a

window of 15 and polynomial order of 2 was applied.

It was decided to maintain a simplistic approach to process the spectra, using
only a minimal smoothing function for post-processed PDMS spectra, where the
Savitzky-Golay filter was commonly used to smooth spectra (Zhang et al., 2017,

Sheehy et al., 2023).

2.2.5.3 Energy dispersive X-ray spectroscopy (EDX) from SEM

EDX is a spectrographic technique used to analyse the electron backscatter
from scanning electron microscopy. The Hitachi TM4000 scanning electron
microscope (Hitachi, Japan) was used to acquire the scans and the EDX spectra
coupled with the Oxford Instruments Xplore detector (Oxford Instruments, UK). For
each surface, 4 spectral acquisitions from 5 regions were collected and averaged from
each sample surface. Due to limitations in sample preparation, replicates were regional

replicates, not sample replicates.

2.2.5.4 Atomic Force Microscopy

Samples of wrinkled PDMS were outsourced to the Sheffield Surface Analysis
Centre at the University of Sheffield for Atomic Force Microscopy and surface analysis

by the peak force tapping method. From this analysis surface maps of the wrinkled
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topography and quantification of the roughness quotient were obtained for the acid-

oxidized, plasma-treated and the dual treatment PDMS wrinkled surfaces.

2.2.6 Imaging

All images, as captured by their respective devices were processed and scaled
using the open-source software package FI1JI (ImageJ). Quantification functions were
performed using their appropriate plugins. Alignment analysis was performed on
fluorescent images using the OrientationJ plugin which produced histograms of the
alignment of cells against a vertical axis. Image-based cell counting and basic
morphology analysis were performed using fluorescent images which were first
threshholded to create binary images. Smoothing was applied to reduce small particle
contamination and the watershed function separated adjoined patrticles (cells). The
processed binary image was subjected to the particle analysis function to count the
total particle number and measure the average circularity of all particles in each image.
Regions of interest (ROI) were defined contextually, for cellular images, the ROIs were
typically the full field of view images, typically at x10 magnification unless otherwise
specified. For linear or boxed ROI, these were defined in ImageJ for analysis and are
specified on each image used. Replicates for imaging and analysis were typically n =

3 unless otherwise specified.

2.2.6.1 Light Microscopy

Bright-field microscopy for cell culture was performed using an inverted bright-
field microscope (Leica) and digitised using a digital camera controlled with the

associated software.
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For pre-screening of human tissue the Leica MZ10F fluorescent dissecting
microscope (Leica) was used, in the Bright-field setting with a polarised camera filter
arranged underneath the objective lens (Nikon, Japan). The purpose of the filtering
lens was to sufficiently remove any reflective glare from the tissue during imaging in a
low-cost manner, to reveal the POV structures not visible using unfiltered Bright-field

camera images alone.

2.2.6.2 Fluorescent Imaging

Fluorescent imaging at low to medium power was acquired using the Leica
MZ10F fluorescent dissecting microscope controlled with the dedicated Leica

Application Suite X program (Leica, Germany).

2.2.6.3 Live Cell Imaging

Automated live cell imaging was performed using the CellCyte live cell imaging
system. Confluence-based analysis used the Bright-field mode (enhanced contrast).
The cells were seeded following experimental parameters and following individual cell
protocols. The well plate was seated on the CellCyte machine and the acquisition
parameters for the experimental duration were set up in the software. Each
experimental acquisition exceeded no longer than a single inter-passage cultivation
period. Enhanced contrast is an automatically adjusting feature, thus manual
adjustment was not necessary. Exposure frequency and images per well varied with

well plate sizes, machine availability, and experimental constraints.

Cell counting analysis followed a fluorescence-dependent program, therefore

the cells were stained using CellTracker green CMFDA dye (Thermofisher Scientific,
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UK) (a live cell tracking dye) during the passage. After centrifugation and counting, the
cells were resuspended in 1 ml medium with 2pl of the live tracking dye and incubated
at 37°C for 30 min. After incubation, the cells were centrifuged to remove the dye
solution. After staining, the cells were seeded as required and the CellCyte was set up
similarly to the enhanced contrast program, with additional optimisation of the green

fluorescent channel.

The alternate method of live cell imaging utilised the Leica MZ10F fluorescent
dissecting microscope. During the passage, the cell pellet was resuspended in 1-2 ml
of medium (dependent on cell number/dispersion requirements) containing 2-4 ul of
the CellTracker Green CMFDA (Thermofisher Scientific, UK). The suspension was
incubated in the dark for 30 minutes before re-centrifugation to remove the dye
solution. The substrates/wells were then seeded as required and tracked. Manual
tracking was typically performed when wrinkled substrates were employed (due to the
difficulty of visualising cells through the material) using a transmission setup.

Fluorescent images were captured using the green (FITC) filter.

2.2.6.4 Confocal Microscopy

3-Dimensional z-stacks were acquired using the Olympus FL2100 series
confocal microscope (Olympus, Japan) controlled using the linked proprietary
software. Typically resolution was limited to 800x800 to balance the number of slices
per acquisition against memory usage, allowing an optimised maximum stack depth
and multi-cellular depth imaging. Stacks were then projected through the Z-projection
to create a 2D projected image from the 3D acquisition. Additionally, the stacks could
be cropped, rotated (transform rotate function) and 3D-projected to achieve cross-

sectional reconstructions.
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2.2.6.5 Scanning Electron Microscopy

High-resolution imaging of material surfaces was attained using the Hitachi
TM4000 scanning electron microscope. The scanning parameters were as follows; an
accelerating voltage of 15 kV, medium vacuum conditions and utility of the secondary
electron (SE) detector. Before scanning, samples were air-dried for at least 24 hours
before coating. The samples were sputter coated with gold, with a thickness of

approximately 10 nm shortly before imaging.

2.2.7 Staining Approaches to Reveal Limbal Cell Function

2.2.7.1 Immunofluorescent Staining

Before staining, cultures were fixed in 4% paraformaldehyde in PBS at room
temperature within a fume hood (20 minutes for monolayer culture or 45 minutes for
wrinkled substrate culture). All fixed cultures, substrates, and vessels were washed
twice with PBS to remove traces of fixative, before staining. Wash steps in staining
differed between standard monolayer culture and material culture due to the sensitivity

of the cells on substrates.

In monolayer culture, all PBS washes were performed once as a pipetted action
with a swirl, whereas for wrinkled substrates, a gentler single PBS immersion was
employed to ensure maximum cellular retention. Cells were permeabilized and
simultaneously blocked in a solution of 0.3% Triton-X (Merck, UK) with 5% bovine
serum albumin (BSA) (Merck, UK) as blocking buffer or 5% human serum (Lonza, UK)
for 10 min in monolayer or 15 min on wrinkled substrates. Human serum was used as

a blocking solution as it was observed there were fewer background and fluorescent
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artefacts in human samples compared to using BSA. The combined permeabilization
and blocking solution was washed off with PBS. The primary antibody was mixed at a
working concentration of 1:100 in 1% BSA/human serum in PBS for mouse monoclonal
anti-Cytokeratin 3, rabbit monoclonal anti-P63, rabbit monoclonal anti-ABCG2 and

rabbit monoclonal Alexa Fluor 488 conjugated anti-K12 (Abcam, UK).

The rat monoclonal anti-vimentin primary antibody (R&D biosystems, UK) was
mixed to a working concentration of 8 pg/ml in 1% BSA/human serum PBS. The
primary antibodies were incubated at 40C in the dark overnight and subsequently
washed off with PBS. The secondary antibodies were applied immediately after
washing. Donkey anti-mouse conjugated with NL493 and donkey anti-rabbit
conjugated with NL637 antibodies were mixed in 1% BSA/human serum PBS to the
same dilution ratio in correspondence to their related primary antibody. Secondary
antibodies were incubated for 2 hours at room temperature in the dark before being
washed in PBS. Cells were counterstained with the nuclear stain 4',6-diamidino-2-
phenylindole (DAPI) (Thermofisher Scientific, UK) at the working concentration of 1
pug/ml in PBS and incubated in a monolayer in the dark at room temperature for 10
minutes or 15 minutes for substrates. The DAPI dye is subsequently washed off with

PBS. Stained monolayers/substrates were maintained in the dark in PBS after staining.

Phycoethryin (PE) directly conjugated antibodies were also used as a stinge-
step immunostain for the isolated limbal cells. Mouse anti-hNestin, rat anti-hVimentin,
and mouse anti-hABCG2 (R&D Biosystems, UK) were applied to monolayer cultures
1:100 dilution (same as the primary-secondary method) and incubated at 4°C in the
dark overnight. The PE-conjugated antibodies were washed off twice with PBS and the

stained wells were maintained in the dark in PBS.
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2.2.7.2 Cytoskeleton Staining for Morphology Assessment

For cytoskeletal staining cultures were specially fixed in 10% formalin, as this
was a manufacturer-recommended fixative for the actin stain used. Following fixation
the cells were permeablised using 0.3% Triton-X for 15min. The cells were washed
with PBS following the procedures adopted for immunostaining. Phalloidin Texas Red
was diluted to a working dilution of 330nM (5ul stock of a 33uM stock per 500 ul aliquot
working solution) and applied in sufficient amounts to just cover the surface containing
the cultured cells. The stain was incubated in the dark for 45 minutes at room

temperature, washed twice gently then stored in the dark in PBS.

2.2.7.3 Haematoxylin and Eosin Staining and Preparation of Tissue for Histology

Both whole tissue and cells were preserved in 4% PFA, cells following the
preservation protocol outlined in section 2.2.7.1 and whole tissue after infiltration with

4% PFA at 4°C for a minimum of 48h.

Monolayer and substrate cultured cells were washed with PBS to remove the
fixative then the culturing surface was flooded with Haematoxylin solution with a
dropping pipette for 3 minutes. The haematoxylin solution was removed by washing
with tap water and irrigated using a dropping pipette. Eosin Y solution was pipetted
onto the surface and incubated for 1min 30s. The surface was gently washed in excess

tap water until the stain fully evolved. Monolayers/substrates were stored in PBS.

Fixed tissue pieces were dehydrated first by an ethanol gradient from 70%
through to 100%. The dehydrated tissue was cleared using xylene twice then
immersed in molten paraffin wax and allowed to infiltrate for 1hr, then refreshed in

clean wax and re-infiltrated. Wax-infiltrated tissue pieces were orientated in wax
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cassettes and immobilised for slicing using a microtome. The tissue was sectioned into
10um slices and captured onto polylysine-coated microscope slides (SLS Scientific,
UK). Wax-embedded slices were de-waxed firstly using xylene and then rehydrated by
an ethanol gradient from 100% ethanol to washing with distilled water. Once hydrated
the tissue was stained as per monolayer cells. After staining and washing the stained
tissue was preserved by the application of histomount resin (to the tissue) and careful
placement of a clean coverslip over the resin/tissue bead. Imaging was performed 24
hours later once the resin was cured.2.2.8 Cell Isolation

Figure 2.6 introduces an overview of the limbal cell isolation and cultivation

processes in this research.
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Figure 2.6. Process flow diagram for the isolation and cultivation of primary
limbal cells. This diagram visualises the process of cell isolation from primary tissue
to cultivation on wrinkled substrates.

113



For both species, the tissue was dissected into corneoscleral button quarters to
present the limbus for isolation. In the human tissue, this was simply done by
identification of the POV using polarised microscopy (human tissue) or by using the
Thorlabs OCT device for the porcine tissue. OCT was used for the porcine tissue due
to the thicker porcine epithelium causing greater glare, therefore the polarised

microscopy was not suitable to see the POV.

For porcine tissue, the tissue was supplied as whole globes from the abattoir
(Staffordshire Meat Packers) within a maximum of 48 hours of slaughter. The globes
were transferred to a biological safety cabinet and dissected in 95mm sterile petri
dishes. All loose tissue including attached eyelid(s), trailing optic nerves, and rectus
muscle was removed using iris scissors or a scalpel. The globes were perforated and
once the button was isolated the lens, iris and all the easily debrided dark tissue were
removed using forceps. The dissected buttons were thoroughly washed in and then
transferred into the dedicated sealed sterile Schott cap for OCT screening.
Subsequently, the tissue was cut into quarters using a scalpel, and the pieces
containing the identified and demarcated LESC niches were set aside for cell isolation

and sanitized with antibiotics (porcine only).

Human tissue supplied from the NHS tissue bank was confirmed serologically
clean (after being tested before delivery by the NHS) and, therefore did not need
antibiotic treatment. The porcine tissue was subjected to a triple stepwise antibiotic
sanitization using 125 pg/ml Amphotericin B (Gibco), 500 pg/ml Gentamicin (Gibco)
and 500 units/ml (5%) Penicillin Streptomycin (Lonza) for 1 min per wash, interspersed
with 1 min PBS washes to remove the antibiotic, transferring to a clean well,

exchanging to fresh forceps each time.
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The tissue pieces selected for isolation were subjected to a 2-step enzyme
digestion. The first step utilized Dispase Il (Merck) at 1.2 IU/ml, incubated at 37°C for
2h, to loosen the limbal epithelial tissue which eased debridement by using forceps
and no. 15 scalpel blades. The debrided epithelium was subsequently incubated in 1
mg/ml Collagenase A in culture medium at 37°C for 14-18h. Tissue digestion into single
cells or small cell clusters was verified microscopically over the last 4h of the digestion
period. After the second digestion, the suspension was diluted in excess culture
medium and centrifuged at 250 g for 5 min then resuspended in fresh culture medium
after the enzyme-laden medium was aspirated. The cells were transferred to a
collagen-coated 6-well plate for passage 0 expansion. Isolation was tracked visually,
success was determined when colonies formed and proliferation by colonial expansion

was observed.

2.2.9 Cell Culture

2.2.9.1 Human and Porcine Cell Limbal Cell Culture

Established cells, both human and porcine, were grown to 75-90% visible
confluency, both typically taking 6-8 days to reach the desired confluency. Once
desired growth was attained, the culture medium was aspirated and the monolayer
was washed once in sterile PBS followed by incubation in 1X trypsin (Gibco) for 3 -6
min at 37°C. Either light tapping (human cells ) or the application of a cell scraper
(porcine limbal epithelial stem cells) was used to completely dislodge cells. The
digestion was quenched using an equal volume of culture medium to the volume of
trypsin used. The suspended cells were centrifuged at 250 g for 5 min, the cell pellet

resuspended in 1 ml to enable counting after the supernatant was aspirated, and then
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the cells were transferred into a T25. Typically limbal cells were passaged at a density
of 8K cells/cm?. For immunophenotyping in well plates, cells were passaged and

seeded at 30 K cells/cm?, for both isolated species.

The cells were cultivated in DMEM-F12 (Gibco, UK), supplemented with 10%
foetal bovine serum (FBS), 100 U/ml penicillin/streptomycin (Lonza, UK), 20mM L-
Glutamine (Gibco, UK), 0.1X insulin transferrin selenium (ITS) supplement (Gibco,
UK), 1 ug/mlisoproterenol (Merck, UK), 0.4 ug/ml hydrocortisone (Merck, UK) and 2.43

pg/ml adenine (Merck, UK).

Originally, this formulation arose out of an in-house protocol, however, it is
heavily based on existing LESC medium formulations which require the key
components of hydrocortisone and adenine to retain LESC proliferative capacity and
cell size maintenance (Yu et al., 2016). Whilst ITS is known to be a necessary
component in ocular media (Bueno et al., 2009). Cholera toxin is classically used as a
cyclic AMP (cAMP) accelerator to boost cell cycle entry rate, however, it is expensive
and a bacterial product, therefore a pharmaceutical alternative was used. A B-
adrenergic receptor agonist, isoproterenol, was used as this molecule has
demonstrated similar cAMP stimulation in limbal cell culture (Ghoubay-Benellaoua et
al., 2021, Yu et al., 2016). In addition to performing the same function as cholera toxin,
Isoproterenol is safer to handle (as it is labelled as mostly irritant compared to the much
more harmful cholera toxin) and far more cost-effective as a medium additive, making

it a more suitable choice for this formulation.
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2.2.9.2 Co-cultivation of Isolated Limbal Cells with 3T3-J2 Mouse Embryonic
Fibroblasts

Extracted limbal cells were co-cultured with the 3T3-J2 mouse embryonic
fibroblast cell line as a means to preserve stemness and provide a multicellular native-
like niche in vitro. “Active 3T3” cultures were passaged by trypsinization with 0.5x
trypsin for 3 minutes at 37°C with 10x repeated pipetting down the culture surface to
dislodge the cells. The digestion solution was quenched with an equal volume of
culture medium to trypsin used and the suspension was centrifuged at 1200 rpm. The
re-suspended cells were re-seeded at a ratio of 1:6 in T75 flasks (for expansion and
inactivation). 3T3 cells were inactivated when they reached 70-90% confluency using
mitomycin-C at a working concentration of 10 pg/ml in culture medium for 2 hours.
After the inactivation period, the cells were washed 3 times with PBS and then
trypsinized as per regular passage. Cells were counted and seeded in the destination
vessel at 20K 3T3 cells/cm? 24 hours before the limbal cells were passaged/isolated
onto the 3T3 layer. The lower density of inactivated cells allows the isolated porcine
limbal cells to form colonies without inducing premature confluence within a short
amount of time. If not immediately used at the point of inactivation, inactivated 3T3
cells were cryopreserved in 10% DMSO/culture medium and placed into -80°C storage
(before being transferred to liquid nitrogen for long-term storage). Porcine limbal cells
were typically seeded at 4K cells/cm? in co-culture and passaged every 6-8 days. The
3T3-J2 cells were cultivated in high glucose DMEM (Gibco, UK) containing 10% calf
serum (ATCC, UK), 100 U/ml penicillin-streptomycin and 2mM L-glutamine. Medium
formulation followed the supplier's recommended protocols. In co-culture, the 3T3

cultivation medium was exchanged out of the cultivation vessel immediately before the
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introduction of the limbal cells, at this point all the cells were subsequently cultivated

in the limbal cell culture medium as prescribed in section 2.2.9.1.

2.2.9.3 Wrinkled Substrate Culture

There are two ways wrinkled substrates were used in culture, the static method
and the dynamic method. When investigated, the laminated block, acid-oxidized and
plasma methods followed the static method only whereas only the dual treatment
facilitated legitimate dynamization. The static method is a pure contact-guidance
method whereby the cells were seeded on a pre-wrinkled topography compared to the
dynamic method where the cells were seeded on a flat surface and then the wrinkles
were introduced. Subsequently, the wrinkles were altered in situ to be flattened by the
application of tension. These changes in the topography state, (while the cells were
attached) are a source of mechanical stimulus at the cellular/”anatomy” interface level.
Cells were seeded on the substrates at numbers between 20-60K cells/substrate,

equivalent to 15-30 K cells/cm?.

2.2.9.4 Human Embryonic Kidney-293 Cell culture

Human embryonic kidney—293 (HEK-293) cells were acquired from the
research group cell repository. For expansion, the cells were cultivated in standard T25
and T75 flasks depending on the required cell number. The cells were passaged at 60-
90% confluence following the same trypsinisation process as the limbal cell. These
cells however were centrifuged at 1200 rpm for 3 minutes. The flasks were seeded at

250K cells/flask after passage. The basal medium used was DMEM (Gibco, UK)
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containing: 10% FBS (Corning, UK), 100 U/ml penicillin/streptomycin (Lonza, UK),

20mM L-glutamine (Gibco, UK) and 2% B27 supplement (Thermofisher Scientific, UK).

2.2.9.5 Rat Cardiomyoblast Culture

Rat cardiomyoblasts were kindly donated from the Dr George research group
within the Guy Hilton Research Centre at Keele University. For expansion, the cells
were cultivated in T25 flasks. The basal medium was DMEM (Gibco, USA) which was
supplemented with 10% FBS (Corning, UK), 100 U/ml penicillin/streptomycin (Lonza,
UK), 20mM L-glutamine (Gibco, UK) and 2% B27 supplement (Thermofisher Scientific,
UK). The cells were passaged at 60-90% confluence by trypsinization in 1x trypsin for
3 minutes at 37°C, cells were dislodged by tapping the flask. The digest was quenched
with an equal volume culture medium before centrifugation at 1200 rpm for 3 minutes.
The flasks were seeded at 250K cells/flask after counting and passaged every 4-6
days. Rat cardiomyoblasts were typically seeded onto vitronectin-coated substrates at
20 K cells/cm?. Vitronectin (Sigma, UK) was made up to a working dilution of 1:5000

in PBS and incubated on the substrates overnight at 37 ©C before culture.

2.2.10 Statistics

Statistical testing was performed using the open-source R-based package
Jamovi (Jamovi). Two principal tests were performed. For comparisons of two
populations, an independent samples T-test was employed. The Student’s variant was
employed in all cases, under the assumption the populations are normally distributed

and are found to have equal variances as assessed in the integrated Levene’s test.
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One-way analysis of variance was used where three or more groups were being
compared. This was coupled with a pairwise post-hoc analysis, either the Tukey or
Games-Howell pairwise comparison. The decision to apply either test hinged on the
outcome of the integrated Levene’s test. If the populations were found to possess
unequal variances then the Games -Howell was applied, otherwise, the Tukey pairwise

comparison was applied for populations with equal variances. For all tests a = 0.05.
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Chapter 3: Characterisation of the Structure
and Mechanical Properties of Limbus

Experimental work in this chapter was performed
in collaboration with the University of Dundee

Content from this chapter features in the publication: Characterizing Biomechanics of
Limbal Niche Using Vibrational Optical Coherence Elastography (Dimmock et al.,

2024)
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3.1 INTRODUCTION

The limbus is a unique anatomical structure located circumferentially around the
central cornea. This feature is presented as a wide epithelial crypt which encircles the
cornea (Shanmuganathan et al., 2001). Within this large crypt, a series of undulations
known as the palisades of Vogt (POV) reside. Within this undulating region, the crests
of the POV are known as the palisade ridges (PR), and the troughs are known as the
epithelial rete pegs (ERP) (Haagdorens et al., 2017). Prominent examples of these
micro-scale undulations, typically within the order of 50-150 um (Grieve et al., 2015),
have previously been observed by slit lamp examination (Townsend., 1991,
Haagdorens., 2017). In this chapter, the structure, and mechanics of the LESC niche
are explored and characterised. Figure 3.1 provides reference OCT images of the key
anatomical structures discussed throughout this chapter, from both the en-face and

cross-sectional perspectives.

Figure 3.1: OCT images of a corneoscleral button to show the anatomy of the
limbal niche. A) En-face perspective, showing the palisades of Vogt relative to the
cornea, the red line marks the ROI for the cross-section. B) Cross-section, as taken
across the red line in A), the cross-section shows the epithelial and the niche layers
whilst also revealing the PR and the ERPs. The scale bars = 500 pm
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In the en-face view, the striations of the POV, propagate radially to the rim of
the cornea (the location of the limbal crypt) ((Shanmuganathan et al., 2001). In the
cross-sectional view, these striations are revealed to be the aforementioned undulating
features with the PR and ERP labelled as part of the LESC niche layer, which underlies

the uppermost epithelial layer.

The limbal epithelial stem cell (LESC) niche is anatomically unique. It resides
within the uppermost layer of the eye — the cornea and serves two major functions:
maintaining sight and maintaining a barrier to the ocular internal environment
(particularly the retina). The former function is attributed more to the nature of the stem
cell pool, where this constant self-replenishing pool of limbal stem cells provides a
source of corneal epithelia throughout adult life. LESCs facilitate constant regeneration
of the cornea, combatting ageing: injury and infection contribute to maintaining central
corneal clarity — vital to maintaining sight. This point has been retroactively proven
when degraded corneas (suffering from limbal stem cell deficiency) have received
limbal stem cell implants to induce corneal healing and recovery (Shortt et al., 2007,
Shen et al., 2015, Sagga et al., 2018, Le et al., 2020). The second function of the
limbus is to act as a barrier with a two-fold function. Primarily, the LESC niche is a
functioning component of the epithelial layers including the cornea which constantly
supplies cells. Thus the limbus can be considered as part of the outward-to-inward
barrier that all epithelium, including the cornea serve (Bashir et al., 2017). Secondarily,
but not less important, the lateral barrier function of the limbus is also vital in
maintaining sight. Without the presence of a structurally integral limbus around the
entire cornea, or LESC niches in the superior/inferior regions, the cornea is observed
to opacify through the process of conjunctivalisation (Townsend, 1991). This process

is described as the invasion of neo-vasculature and conjunctival cells into the cornea,
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which would have ordinarily been kept at bay by the limbal structures (Lim et al., 2009,
Jirvosa et al., 2011). Conjunctivalisation is a continuous process which contributes to
the degradation of the cornea and is a feature of multiple ocular conditions, including
LESD and pterygium and is associated (by consequence) with injuries to the cornea
and the conjunctiva. This is exemplified by the study into the post-operative outcomes
of conjunctivalisation progression in patients after receiving cultured corneal epithelial
transplants. It was observed in this study that 62.5% of patients did not present post-
operative neovascularisation into the central cornea, limiting sight. However, a
limitation of this study is that the limbal margins in near totality were affected by the
procedure and subsequent neovascularisation (Dobrowolski et al., 2021). These
progressive changes, namely the invasion of neovasculature and goblet cells have
been demonstrated to be VEGF dependent, where systemic inhibition of VEGF
expression prevented neovascularisation and goblet cell invasion in a mouse
conjunctivalisation model (Joussen et al., 2003). The formation of pterygium is
considered to be similar in nature to conjunctivalisation associated with LSCD or other
disease. The formation of these fibrotic lesions presents similar pro-inflammatory
features (including stromal neovascularisation), invasion of goblet cells and physical
disruption to the physical structure of the corneal and limbal matrices (Reda et al.,
2018, Shrahraki et al., 2021). Pterygium differs slightly from conjunctivalisation in the
sense that the pterygium origins can be attributed to defunct limbal cells which
proliferate outwards, showing positivity for limbal markers including P63 and CK15,
these cells were found on the leading surface of the lesion, demonstrating that the
formation of these fibrotic lesions is not only due to the breach of the limbal structure
but due to an over-proliferation of these cell types (Bai et al., 2010 Shrahraki et al.,

2021).
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In this chapter, the non-destructive methodology of optical coherence
tomography (OCT), then subsequent optical coherence elastography (OCE) have
been employed to quantify the limbal epithelial stem cell niche. The advantage of this
imaging approach is that no dissection is required to obtain 3-dimensional depth-
resolved images from tissue specimens or live patients. In this chapter, cadaveric
corneoscleral tissue was investigated to structurally (and subsequently mechanically)

characterise the LESC niche.

OCT is an interferometric imaging method which typically employs a near-
infrared scanning laser and can penetrate a limited depth in tissue. The light from the
scanning laser is reflected and collected, with the changes in the signal coherence
analysed by the signal processer (typically employing an interferometer), facilitating
imaging dependent on the changes of tissue density which alters the coherence of the

probe beam (Aumann et al., 2019).

Currently, OCT sees active clinical use in retinal applications in optometry and
ophthalmology. It is used for the diagnosis of conditions such as glaucoma (NICE,
2023) and in surgical procedures such as percutaneous coronary intervention (PCI)
(NICE, 2023). In these clinical applications, the larger scale organ and tissue structure
is of more interest, therefore the imaging tends to be in scales of several millimetres or
even reconstructed with scales of centimetres (Brandao et al., 2016, Longobardo et
al., 2019). Whilst these scales are suitable for medical imaging they are too broad to

capture the microscale details of tissue microstructures.

However, in epithelial surface imaging, there have been strides forward in this
field; particularly in the corneal surface. There have been efforts to structurally
characterise the corneal and the limbus together, beginning to show the

microstructures of the corneolimbal surface with investigative and diagnostic
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applications (Herber et al.,, 2022). Relevant studies have used OCT to quantify
structures in the limbal niche, revealing micro-scale structures in high resolution, in
particular the POV — the undulating structure which is of interest in this thesis

(Haagdorens et al., 2017, Varma et al., 2021).

Advancing from OCT, optical coherence elastography (OCE) is an emerging
non-destructive tissue testing method applied in this research to tissue. The core
principle behind this methodology is the specimen being agitated and the phase
difference tracked and computed into elastographic (mechanical) information
(Kennedy et al., 2013). This method acts similar in principle to acoustic methods of
elastography such as ultrasound elastography (Sporea et al., 2011) and magnetic

resonance elastography (utilizing an acoustic driver) (Mariappan et al., 2009).

However, in contrast to more macroscale elastography techniques like these,
OCE can resolve fine structures mechanically due to smaller imaging windows at
higher magnification. Alternate OCE methods have revealed mechanical information
from visual information and have been applied in corneal applications, eg. an air pulse
variant of OCE was able to detect age-related changes in vivo in mice (Li et al., 2014).
In humans, there has been an in-vivo probe developed to measure corneal, limbal and
scleral regions using OCE by generating Rayleigh waves (undulating surface
propagating waveforms) with a contact acoustic probe (Ramier et al., 2020). A method
has been developed in a porcine ex vivo model that simulates a heartbeat in a move
towards a non-contact method of OCE (Nair et al., 2020). These described methods
move towards refining diagnostic modalities with applications for the diagnosis of
corneal disease where the stiffness of the cornea can be used as a marker for diseases

such as keratoconus (De Stefano and Dupps, 2018).
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This chapter describes the process developed to characterise and quantify the
limbus in greater detail, amalgamating the refined detail of high resolution of the limbal
epithelial stem cell niche (Haagdorens et al., 2017) and the mechanical property
characterisation enabled through OCE (Kennedy et al.,, 2013). Consequently, the
relationship between the microstructure of the LESC niche and the directly correlated
mechanical properties was analysed. Additionally, the correlation of donor age to the
limbal structure and its corresponding mechanical properties was investigated. Finally,
the efficacy of image processing methods was evaluated, facilitating future

improvements.

3.2 MATERIALS AND METHODS

3.2.1 Summary of Methodology

In this chapter, the tissue was processed and analysed following a
specific workflow. As per Figure 3.2, this workflow was applied to all tissue samples
undergoing OCT volumetric imaging and OCE mechanical analysis. The LESC niche
was first located and marked in all tissues. The samples were then subjected to OCT
imaging and subsequently OCE analysis, with additional equipment being required to
perform the vibrational OCE. Histology was performed post-OCT/OCE analysis. For
OCT and OCE analysis the tissue samples remained un-fixed (not fixed in any fixative)
to preserve tissue mechanical properties. Tissues were subsequently fixed in 4%
paraformaldehyde for histology and storage after structural and mechanical studies

were completed on the samples.
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Figure 3.2: Schematic overview of tissue screening, image acquisition,
processing and subsequent output from the imaging analysis stages. Here the
workflow is broken down and split into its processes based on the modality being used
to examine the tissue.

3.2.2 Polarised Optical Microscopy

The Leica FL dissecting microscope was used to visualise the
corneoscleral tissue in the Bright-field mode. High contrast was achieved using a high
gamma setting across all tissue samples. To remove glare, a digital camera polarising
lens filter (Nikon, UK) was oriented under the objective lens and above the LED lighting
array. The images were recorded using the Leica proprietary software and processed

with ImageJ.
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3.2.3 Optical Coherence Tomography

A collaboration was established with the University of Dundee to use their lab-
built OCT/OCE equipment and the spectral domain OCT system (SD-OCT) was used
to collect en-face images. The imaging system was set up as per section 2.2.1.1, the
collected 3D data was processed into viewable images using a custom script in Matlab
(MathWorks, USA). The OCT setup was operated, and data was acquired following a
previous study methodology (Song et al., 2013). The volumetric data stacks were
converted into en-face images using median average projection and intensity profiles
were extrapolated using ImageJ. Using this custom-built technology was much more
favourable than using the commercial Thorlabs kit due to the direct integration of the
lab-built OCT camera into the optical coherence elastography system. Therefore
consistency between structural imaging and localisation of regions of interest for the
structural and mechanical study could directly be maintained in situ on the same

machine.

3.2.4 Vibrational Optical Coherence Elastography

The OCE procedure was performed using the SD-OCT system to record the
images over an approximate 12s time series across a 3.65mm B-scan line. To induce
oscillating vertical displacements in tissue, (which could be tracked used to
differentiate regions of different stiffnesses by the PhS-OCT (Phase-sensitive OCT)) a
vibrational shaker was situated underneath the sample (Briel & Kjeer Sound &
Vibration Measurement A/S, Denmark). This was controlled and driven by a signal
generator to create vibrations with a frequency of 850 Hz and an amplitude of 150mVpp

(Keysight Technologies Inc., USA). The control of the input frequency and the
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amplitude of the applied vibrations honed the clarity of the output elastogram, this
values were considered the optimal values for these tissue samples as they produced
the optimal signal-to-noise ratio and facilitated equal force distribution during “loading”.
For other tissues of different stiffnesses, these values would be optimised accordingly.
These time series depth-resolved elasticity information in limbal tissue with axial and
lateral resolutions of 6.9 uym and 12.4 pm respectively, an SNR of 53 dB and
displacement sensitivity of 2mm. As per OCT, the data was recorded through the
customised LabView program (National Instruments, USA) and the elastograms were

processed and output using the Matlab script (MathWorks, USA).

A 1% agar reference phantom containing 0.006% Titanium dioxide w./v. was
applied to the surface of the tissue, which was mounted on a bed of agar of the same
composition, ensuring the tissue assumed a shape approximating normal anatomical
conformation by laying the tissue on a partially cured large droplet of agar phantom.
ImageJ was used to extrapolate intensity values from the elastogram images which
were subsequently used to calculate the stiffnesses of the anatomical regions
investigated by comparing each region of interest to the average of reference regions
which were of known stiffness; 14.6 + 0.8 KPa which was confirmed by compression

testing (and validated against literature) (Li et al., 2015).

3.2.5 Histology and Slice Preparation

The tissue was fixed in 4% paraformaldehyde for 24 hours before slice
processing. An ethanol gradient from 70-100% was used to exclude water from the
tissue pieces (including the POV) which were dissected from the corneoscleral rims.
Subsequently, these sections were infiltrated with paraffin wax, sectioned into 10 um

thick slices and mounted on polysine slides for microscopy. The tissue slices were
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cleared with xylene and the ethanol gradient was reversed (using water) to rehydrate
the slices before staining. Haematoxylin and Eosin were used to stain the tissue slices.

Images were processed using ImageJ.

3.2.6 Statistics

Testing for statistical significance was performed using the R-based software
package Jamovi. Student’s T-tests were performed between variables of interest. For
age analysis, the sample population was split into even group sizes of n = 5 with the
median age of 65-year-old being the divisive age. Comparisons of anatomical stiffness
(epithelium vs. niche) in OCE were tested as n = 5 per anatomical region per age group

and n = 10 when all

3.3 RESULTS

3.3.1 Optical Microscopy of the Limbus

Optical microscopy is the fundamental biological technique for cellular and
tissue and tissue assessment. In this section, optical techniques are used to visualise
the limbus from the enface and the cross-sectional perspectives to validate the OCT
structural imaging and provide guidance of the ideal scanning location during
acquisition for both OCT/OCE for human cadaveric tissue. Figure 3.3 presents
examples of the human tissues used in the non-destructive testing study, sliced and
stained with haematoxylin and eosin as prepared histological sections to reveal the
limbal niche anatomy in samples from each age group. It was found in all samples that
there was some tissue damage observed due to storage and handling to varying
extents, however, there were some valuable qualitative observations to make. In the
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younger tissue (CSR11 and CSR16) the crypt architecture, containing an intact limbal
niche structure was better observed. Whereas in older tissues (CSR07 and CSR10) it
was much rarer to find intact crypts, containing cells with POV undulations. These
observations also indicate that in the future histology may be more beneficially

performed before OCE/OCT analysis or performed on dedicated histology samples.

A) CSR07 CSR10

Figure 3.3: Haematoxylin and Eosin Staining of human limbal tissue used
in this chapter. Row A) shows example samples from the over 65-year-old age group
whilst row B) presents examples from the under 65-year-old age group. N=2 samples
successfully visualised for each age group.

Before use in OCE/OCT examination, the human tissue was observed
under the Leica dissecting microscope as shown in Figure 3.4. To aid in the
visualisation of the finer architectural features, the glare from the microscope LED

illumination array was compensated for using a separately mounted polarising lens
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oriented under the objective lens. This filter lens facilitated the visualisation of some of

the limbal features not normally resolvable using a non-polarised setup.

A)

Figure 3.4: Polarised light micrographs of cadaveric human
corneosceleral tissue. A) Example of a sample from the under 65-year-old group. B)
An example from the over 65-year-old group. Scale bars = 2mm and are applied to the
original image, magnified images are simple enlargements of the original image.

The polarized optical microscopy method was used to screen the tissue
samples and locate the POV, to aid effective OCT/OCE imaging of the correct
anatomical regions. Before the samples were imaged, they were marked with a small
locating “tattoo” in the sclera as exemplified in Figure 3.5, at the midpoint of the located

LESC niche region, using a 27ga. hypodermic needle and black ink. On the well plate
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lid, brackets mark the edges of the niche regions for imaging. An example of such
marking is also demonstrated in Figure 3.5. During OCT analysis the tissue remained
unembedded (resting on the sample platform) and rested upon domes made of agar
to recreate the natural curvature of the corneoscleral buttons. The tissue samples were

hydrated using droplets of physiological phosphate buffered saline (PBS).

s €

Ink “tattoo”

Approximated
niche boundary

Figure 3.5: Examples of the limbal region demarcating process performed
before OCT/OCE imaging. The ink dot tattoos are aligned to the centre of the brackets
to show the approximated boundaries of the most prominent identified LESC niche
regions.

3.3.2 Optical Coherence Tomography

Optical coherence tomography was utilised to produce high-resolution projected
structural images of the limbal epithelial stem cell niche. On first inspection of the
volumetric OCT, it was possible to view the tissue as cross-sectional views in Figure
3.6, here the undulations of the limbal epithelial niche, consisting of the limbal

palisades of Vogt, underneath the epithelium are easily observed.
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CSR07 CSR11

CSRO08 CSR15

CSR09 CSR16

Figure 3.6: Cross-sectional OCT images from human tissue samples. Left-
hand side: examples from the over 65-year-old age group. Right-hand side: examples
from the under 65-year-old age group. All scale bars = 250 pm. N=3 cross-sectional
reconstructions from each age group are shown.

From these structural images, it was possible to extrapolate quantitative
information about the architecture of the niche. The method employed here was the
intensity profiling method, where the grey value of each pixel across a region of interest
of known distance is plotted, Figure 3.7 presents these ROIs for each of the samples.

This allowed a crypt profile to be plotted for each POV region in each age group.
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Figure 3.7: Median intensity projections of volumetric OCT scans of
human LESC niche regions. Yellow lines demarcate corresponding ROIs for crypt
intensity profiling. Scale bars are equal to 250 um in length. All sample ROIls are
shown.

The intensity profiles provided a pseudo-cross-sectional view of the LESC niche
and facilitated the quantification of the POV. The first step in this process was the
drawing of the profiles to gain a distance against the grey value (intensity) for each
specimen. The curves presented in Figures 3.8 and 3.9 were smoothed by subjecting
the intensities to a 2-step moving average down the entire plot, effectively de-noising

the plots.
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Figure 3.8: Intensity profiles of the over 65-year-old sample group. Profiles
were drawn from the corresponding regions of interest marked in Figure 3.7. Examples
of the measured width regions are as demarcated on the CSR08 profile. The ERP
width measurement points example is represented by the blue bar and the PR width
measurement points example is represented by the black bar. Lateral distance is
scaled by each X-axis.
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Figure 3.9: Intensity profiles of the under 65-year-old sample group.
Profiles were drawn from the corresponding regions of interest marked in Figure 3.7.
Lateral distance is scaled by each X-axis.

From these intensity profiles the distance in micrometres was used to calculate
the ERP and the PR widths, this was performed by measuring the distance between
trough segments (for ERP width) and the crest segments (for PR width) across the
profiles using ImageJ. These anatomical measurements were chosen because the
intensity profiles directly represent the dimensions of the anatomical features due to

being exactly scaled laterally. Therefore the main advantage of analysing these profiles
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is that the lateral length measurements are accurate as distance in um. However, the
limitation of using this image-based analysis method is that the scaling for feature
dimensions is only available for the lateral axis, revealing only the ERP and PR. If this
method was translated to material studies (a potential focus of future work) these
measures would correlate to crypt width. The direction of measurement which could
not be scaled was depth, which was expressed as intensity/grey value as extracted
from the image, the brighter the points are in the image, the closer to the objective the
feature is. However, in the acquisition and generation of the images, each depth point
was not quantified, resulting in the depth component of the intensity profile being an
arbitrary scale. Future work could look into the incorporation of quantified depth,
acquired through OCT, into the intensity profiling method specifically by being able to
correlate specific tissue depths to the grey values output in imageJ and plot this scale
on the Y-axis. Therefore the relief of the plotted line as a function of grey value against
distance in ym (provided the LUT (lookup table) for the image or the scale of the image
remains unchanged before plotting) is a reliable scaled visualisation of the ROI
topography as long as the LUTs are unchanged. From these measurements, it was
ascertained that there were subtle observable changes in the niche structure when
measured using this method as summarised in the charts in Figure 3.10. For the under
65-year-old group the PR width was found to be 43.4 + 4.57 yum with an ERP of 33.3
*+ 4.56 um. For the over 65-year-old group, the ERP was measured at 42.8 £ 7.8 um
whilst the PR was calculated to be 29.9 + 3.22 um. Whilst there were observed
differences, they were not found to be statistically significant between age groups, for
either PR or ERP measurements, when tested using Students’ T-tests. P = 0.254 for

the ERP T-test and P = 0.875 for the PR T-test. These measurements were used.
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Figure 3.10: Quantification of the limbal POV features from projected OCT
images. A) Average PR and ERP widths for each investigated sample and B) shows
the average ERP and PR widths across the samples within the allocated age groups
(n = 5 for each age group). Statistical significance is denoted by * (P = 0.009) and **

(P = 0.007) as determined by the Students’ T-Test.

To determine if there was statistical significance between age and the measured

anatomical features, Students’ T-tests were performed between: each age group PR

(P = 0.875), each age group ERP (P = 0.254) and within each age group: ERP vs PR

>65 (P = 0.009) and ERP vs PR <65 (P = 0.007). From these comparisons, it is

plausible to say that between age groups there is no significant difference in the width
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of either the PR or ERP. However, in both age groups, the widths of PR and ERP are

statistically significantly different, with the PR tending to be wider than the ERP.

3.3.3 Optical Coherence Elastography

After OCT was performed to structurally visualize and characterize the LESC
niche, the same imaging system was employed, in conjunction with the vibrating
stimulation device, to produce the OCE elastograms. The main difference in the
acquisition is that the OCE was acquired as a 2D b-scan over an approximate 12s time
series to collect the vibrational data required to calculate regional modulus. The

subsequently produced elastograms are illustrated in the scale of the reciprocal of

1
(Strain

strain ), a relative measure of substance stiffness as acquired by the OCE device.

The displayed elastograms ( Figures 3.11, 3.12, 3.14, 3.15 and 3.16) were produced
using the greyscale LUT, therefore the images can be interpreted as the greater the
intensity (brightness) of the region, the greater the relative stiffness of that region.
Analysis of these images was performed in ImageJ to overcome software accessibility

(Matlab) and machine hardware limitations.

Each layer of the analysed samples was able to be easily identified and then
marked using linear ROIs as shown in Figures 3.11 and 3.12. Except for CSR14, which
was limited to region length, consistent straight-line ROIs of 350 pixels for each line
were used. These ROIs were then used to calculate the Young’s modulus for the
epithelial and LESC niche. To calculate the modulus, the epithelial and LESC niche
layer intensity (Grey) values were plotted across the respective ROIs and the values
were extrapolated. These values were averaged and compared to the average

intensity value for the agar reference layer for each image. The agar used had a known
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Young’s modulus of 14.6 + 0.8 KPa, thus directly comparing the averaged
epithelial/limbal ROIs (2/3) to the averaged agar ROI (1) in each image produces

Young’s modulus for each anatomical region which are summarised for comparison in

Figure 3.13.
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Figure 3.11: Elastograms taken from OCE of the over 65-year-old group.
Linear ROIs used for the linear method of averaging each layer’s elasticity are marked
as yellow lines on each elastogram. 1) is drawn across the agar reference layer, 2) is
drawn across the epithelial layer and 3) is drawn across the LESC niche layer. The

elastogram gradient scales represent elasticity as x10* P darker regions are softer
and lighter are stiffer. The scale bar = 500 um and applies to all elastograms.
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Figure 3.12: Elastograms taken from OCE of the over 65-year-old group.
Linear ROIs used for the linear method of averaging each layer’s elasticity are marked
as yellow lines on each elastogram. 1) is drawn across the agar reference layer, 2) is
drawn across the epithelial layer and 3) is drawn across the LESC niche layer. The
exception is CSR14 which has these regions separately enumerated and marked,
following the same ROI identifiers. The elastogram gradient scales represent elasticity

as x10*——, darker regions are softer, and lighter are stiffer. The scale bar = 500 pum

Strain’
and applies to all elastograms.
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Figure 3.13: Young’s moduli calculated from the linear ROl method. A)
Shows the average Young’s modulus for the epithelium and the LESC niche regions
for each investigated sample. B) Compares the average Youngs’s modulus for the
epithelium and LESC niche in all the samples within each age group (N = 5 for each

age group).

Students’ T-tests were performed between: each age group epithelium (P =
0.601), each age group LESC niche (P = 0.294) and within each age group: epithelium
vs LESC niche >65 (P = 0.834) and epithelium vs LESC niche <65 (P = 0.617). By the
current analysis method (using ImageJ), there was no significant difference between
age groups. However, there was a distinct mean decrease in epithelial stiffness by
23.5% and a limbal stiffness decrease of 34.1% between the >65 and < 65-year-old

groups.
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The linear ROI method of extracting stiffness information was able to extract
stiffness averages from both anatomical regions of interest in all samples and the agar
reference layer. The linear approach was ideal for the agar reference and the epithelial
layers however, due to the undulating nature of the LESC niche, it was considered a
tailored drawn approach (as defined below) may be required to increase the accuracy
of the LESC stiffness measurements. Therefore, the analysis as exemplified in Figure
3.14, relies on drawing the undulating LESC niche ROI based on the structural imaging
(which was acquired simultaneously with the elastograms) then superposing the drawn

ROI and extracting the intensity values as per the linear method.

Figure 3.14: Example of drawn ROI selection for the LESC niche. This
Figure uses the sample CSR07 as an example. A) Structural image taken from the

OCE acquisition. B) Elastogram with the gradient scale ranging from 0-2 x104smm.
and B) The yellow lines show the drawn ROI whilst the yellow arrows indicate the ROI
positioning, following the niche microstructure. The scale bar = 500 um and applies to

both the structural image and the elastogram. N=5 for each age group using the drawn
method.

The following elastograms contain the drawn LESC niche ROlIs utilised in the
drawn LESC niche method of calculating niche modulus as presented in Figures 3.15
and 3.16. The epithelial ROIs are not included as they remain the same linear ROIs as

utilised in Figures 3.11 and 3.12. The agar reference (including ROIs used to calculate
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the ratios used to calculate Young’s modulus) remained unchanged in Figures 3.11
and 3.12 and were directly applicable to Figures 3.15 and 3.16 as only the method of
drawing the limbal ROI was changed to reflect the limbal conformation. The value for
the reference agar was determined by our collaborator in Dundee using
nanoindentation specifically as a comparative standard for use with this OCE
equipment and elastogram interpretation to generate Young’'s modulus values, (ref.

section 3.2.4).
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Figure 3.15: The over 65-year-old age group with the drawn LESC niche
ROIls. The yellow lines drawn across the undulations of the LESC niche are the drawn
ROls used to calculate Young’'s modulus for the drawn LESC niche ROI method. The

scale bar = 500 um and applies to all elastograms.
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Figure 3.16: The under 65-year-old age group with the drawn LESC niche
ROIls. The yellow lines drawn across the undulations of the LESC niche are the drawn
ROls used to calculate Young’'s modulus for the drawn LESC niche ROI method. The

scale bar = 500 um and applies to all elastograms.
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As previously described, the extrapolated grey values from along these drawn
ROIs were taken and compared to the average value obtained for the agar reference
to obtain the ratio required to calculate Young’s modulus. The results from the
subsequent Young’s modulus calculations (derived from the agar reference value of

known stiffness of 14.6 + 0.8 KPa) are presented below in Figure 3.17.
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Figure 3.17: Young’s moduli calculated from the drawn ROl method. A) Shows
the average Young’s modulus for the epithelium and the LESC niche (drawn ROI)
regions for each investigated sample. B) Compares the average Youngs’s modulus for
the epithelium and LESC niche (drawn ROI) in all the samples within each age group
(N =5 for each age group).
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The linear and drawn ROl methods of Young’s modulus calculation of the LESC
niche were compared. It was noted that the average modulus is lower in the drawn
group 32.9 + 14.8 KPa compared to the linear group 42.9 £+ 25.2 KPa. Additionally, it
was also observed that the error was markedly lower in the drawn ROl method overall
compared to the linear method, showing the drawn method had less variation and is

therefore more specific.

The T-tests for the age comparison showed that P = 0.238 between the over
65-year-old group and the under 65-year-old group. As before, the current analysis
using ImageJ showed no significant difference between age groups. However, there
was a clear mean decrease in LESC niche stiffness (as found by the drawn method)
to decrease by 29.8% between the younger and the elder group. The average modulus
for the over 65-year-old group was found to be 27.2 + 13.7, whereas the under 65-

year-old group was 38.7 + 14.9.

3.4 DISCUSSION

In this chapter, the architecture and corresponding mechanical properties of the
limbal epithelial stem cell niche were explored using a non-destructive imaging
modality. These methods used the same platform, spectral domain optical coherence
tomography (SD-OCT) as the base imaging platform with the addition of the vibrational
component to enable the elastographical analysis of the cadaveric tissue. In this proof
of concept work, cadaveric human tissue enabled the structural and mechanical
property analysis of the tissue at the micro-scale against an age scale. The tissue
samples (n = 10 total) were segregated into two age groups; the under 65-year-old

group (n = 5) and the over 65-year-old group (n = 5).
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The SD-OCT method workflow was established to provide a unified output of
structural and mechanical information about the tissues. This output comprised two
key images, the en-face images acquired from OCT to provide structural quantification
and the elastograms acquired from OCE to provide mechanical information about the

tissue.

Derived from the imaging outputs were the analytical outputs, which in both
cases, were calculated from pixel intensity values obtained using a manual ROI-based
processing method. This method facilitated the calculation of anatomical feature width
(ERP and PR widths) by direct measurement of the profiles and the calculation of the

regional Young’s modulus across an ROI by comparison to the agar reference.

A secondary output from the OCT, which enabled the direct comparison to
“traditional” tissue analysis methods such as paraffin wax embedded histology was the
cross-sectional perspective images of the OCT scans. These were simply resolved by
virtually revolving, and re-slicing the volumetric images within the ImageJ. These
cross-sectional images, as seen in Figure 3.6 were able to reveal limbal
microstructures such as the (i) undulations created by the PR and the ERP, (ii) the
difference in optical densities imparted by the epithelial and (iii) LESC niche layers.
The epithelium typically tends to appear less intense, with a more “ghostly” appearance
in comparison to the more intense and brighter LESC niche layer. These optical
characteristics can be visually compared to the observations in the histology of the
niche, eg. in Figure 3.3. In ophthalmological research, high-resolution OCT has been
used to image the limbal niche (Haagdorens et al., 2017) which, in addition to this SD-
OCT modality conforms to the long established limbal niche reconstruction based on

histology and modelling (Dua et al., 2005).
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The en-face projections of the SD-OCT scans were able to yield intensity
profiles for each tissue. These profiles were plots of lateral distance against pixel
intensity across the ROIs. The darker the intensity, the deeper that pixel is (in arbitrary
terms) concerning the known lateral scale in micrometres. From these plots, it was
possible to measure the ERP as 33.3 = 4.56 um for the under 65-year-old group and
29.9 £ 3.22 um for the over 65-year-old group whilst the PRs were measured at 43.4
+ 4.57 ym and 42.8 £ 7.8 um respectively. The average ERP width across the entire
set was 31.4 + 4.1 pm whilst the PR was 43.1 £ 6.0 um. Overall, these values, in
magnitude, are consistent with limbal microstructure measurements made using other
techniques such as confocal microscopy and histology ( Dua et al., 2005, Grieve et al.,
2015). Although the age-related changes were found to be statistically insignificant
through T-testing, the cause may be accounted for by the large inter-sample variation
observed between the samples within the age groups. In turn, this created a large
observable deviation (variation) within the age groups which in turn reduces the power
of the testing over an N = 5 sample group. Due to the lack of availability of cadaveric
tissues, it was not possible to test more samples, restricting the ability to increase the
power of statistical testing. However, by looking at the difference in averages, it is
possible to discern differences between age groups in terms of anatomical feature
dimensions and infer age-related changes. In these samples, as shown in the
summary of POV profile measurement in Figure 3.10 there was an observed 10.2%
reduction in ERP width in the over 65-year-old group in comparison to the under 65-
year-old group. Additionally, in terms of changes in the PR, there is a 1.4% reduction
in the elder age group compared to the younger group. These acquired values for the
ERP width for the under 65 years old group and over 65 years old group fall within the
lower range of the target range of the design crypt width criteria for material production

(further discussed in chapter 4) of width 15-150um. Therefore the primary values
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attained in this OCT study of the tissue further refine the limits of acceptability to this
range, thus guiding the design criteria of the wrinkled material production. With further
work to gather a wider range of elder/diseased tissue limbal POV dimension values, it
may be possible to use these ERP widths to specify wrinkled material deformation
limits to mimic ageing dynamically, given the appropriate online imaging could be used

to measure the materials sterile.

Together these observations, in conjunction with the conformational
observations in Figure 3.6, demonstrate a tangible loss of significant crypt structure
with advancing age. These conformational changes would also suggest a weakening
in LESC niche capacity in the elder group compared to the younger group. These
findings are concordant with wider literature where age-attributed changes in limbal
anatomical conformation were assessed using alternative methods such as confocal
microscopy (Zheng and Xu, 2008, Notara et al., 2012). These studies also demonstrate

a loss of LESC niche structure, manifesting in a loss of POV presence.

At the OCE stage of the workflow, the mechanical properties of the epithelial
and the LESC niches were scrutinised. In a similar manner to how the OCT images
were processed for quantification, it was possible to extrapolate and calculate regional
stiffnesses using ROI-based pixel intensity profiling of the elastograms. The analysis
was performed using ImageJ in this research due to accessibility to MATLAB and
limitations in processing large image files. However, as outlined, this workflow
facilitates the ability to extract compressed elastography information from JPEG format

elastograms and assess limbal niche changes with age.

The calculations were performed by direct comparison of the regional intensities
on the elastograms (which are scaled proportionally to stiffness) to the 1% agar

reference of a known (and validated) Young’s modulus of 14.6 + 0.8 KPa (Li et al.,
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2015). This analysis was broken down into two methods, the linear ROI method and
the drawn ROI method. From the linear ROl method, the epithelial Young’s modulus
was found to be 31.5 + 20.2 KPa and 41.1 + 34.2 KPa for the over 65-year-old and the
under 65-year-old groups respectively. Additionally, the LESC niche layer was found
to be 31.8 + 17.9 KPa and 51.8 = 30.3 KPa for the over 65-year-old for the under 65-
year-old groups. Although statistical significance wasn’t found when comparisons were
drawn between the age groups for both the epithelium and the LESC niche layer, there
was a 23.4% decrease in average epithelial stiffness in the elder group compared to
the younger group. The niche layer was also observed to decrease in stiffness, with a

38.6% decrease in LESC niche layer stiffness.

The values obtained from these methods are in line with those obtained from
corneal tissue analysed using atomic force microscopy (Last et al., 2009, Last et al.,
2012). However, these values are contradicted by limbal elasticity studies which
employed finite element modelling (an in silico modelling method) and phase-sensitive
optical coherence elastography, where the determined limbal elasticities were an order
of magnitude greater in stiffness compared to the values reported and discussed in
this chapter (Asejczyk-Widlicka et al., 2007, Zvietcovich et al., 2020). Despite this
apparent disparity, phase-sensitive OCE presents much greater advantages over
‘classical’ methods such as AFM and nanoindentation. First and foremost is the fact
that the method, by principle, is non-destructive and has the potential to be translated
and engineered into a clinically useable format, whereas AFM and indentation
techniques are invasive and require tissue isolation. Secondly, OCE allows for the
analysis of multi-dimensional mechanical measurements (including depth, which is
unique to this technique) with the simultaneous support of structural imaging provided

by the OCT camera capture used to record the OCE measurements (Dimmock et al.,
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2024). The imaging advantage is only conferred in 2-dimensions (restricted to surface
only) in AFM whilst in indentation techniques there is no structural image support, only

mechanical characterisation.

Given the disparity between elasticity studies, future work in refining this
analytical methodology would prove beneficial as correlated structural/mechanical
characterisation in this anatomical region develops. Further mechanical property
validation may include direct testing methods, such as nanoindentation to regionally
validate discrete regional elastic properties. Such validation experiments would have
value in the confirmation of agreement of the attained mechanical property values for
both the tissue samples and reference material by OCE and those attained by other
studies. Considering the epithelial layer, in structural terms, was found to be
continuous in the structural imaging it was deemed appropriate to keep the output for
the linear epithelial ROIs and only re-sample the LESC niche. As per the example in
Figure 3.14, the undulations of the niche were mapped using a drawn ROI which was
subsequently transferred to the elastograms to extrapolate the regional elasticity data
across the undulations as shown in Figures 3.15 and 3.16. Using this alternative
approach, the stiffness of the limbal niche was found to be 27.2 + 13.8 KPa in the over
65-year-old group and 38.7 £ 14.9 KPa in the under 65-year-old group. There is a
29.7% reduction in stiffness in the younger group in comparison to the elder group, a
trend that is consistent with the linear ROl approach to calculating LESC niche
stiffness. However, it is noted the error in the drawn method for both age groups was
observed to be lesser than the error observed in the linear ROl method, with a 20.2%
decrease in the drawn ROI method determined stiffness compared to the linear ROI

method in the over 65-year-old group. In the under 65-year-old group the decrease in
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stiffness was found to be greater at a 25.3% decrease in the drawn ROI method

compared to the linear ROl method.

A further comparison can be drawn between the anatomical regions and the
ROI-based methods of elasticity extrapolation. In the over 65-year-old group, the linear
ROI method of measuring the LESC niche elasticity was observed to be 8.3% stiffer
than the epithelium, (compared to the drawn method which was observed to be 13.7%
softer than the epithelium). For the under 65-year-old group the linear ROl measured
niche elasticity was found to be 26% stiffer than the epithelium (whereas the drawn
method was found to be 5.8% softer). From these comparisons, it is apparent that the

regional specificity of the ROI matters.

In this case, where the ROIs match the undulations of the tissues (as defined
by the structure) it is revealed that the niche is softer than the more averaged (linear)
approach, which in other studies looks at the limbus in a more macro scale would be
inclined to suggest the limbus is stiffer (Asejczyk-Widlicka et al., 2007, Zvietcovich et
al., 2020). The more specific approach applied in this research has revealed a softer
microstructure and reduced inherent error, more in line with work that suggests a
limbus of a softer Young's modulus as measured using precision methods such as
AFM and nanoindentation (Last et al., 2012, Eberwein et al., 2014). Therefore a valid
compromise would be to amalgamate the linear ROl approach for epithelium
measurement and the drawn ROI for the LESC measurement as it is demonstrated
that these are structurally relevant ROIs and have mechanical properties

measurements that are concordant with other precision measurements.
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3.5 CONCLUSION

This chapter has described a workflow with the capability to virtually
dissect the corneal limbal epithelial stem cell niche in a manner that yields images
comparable to histological sections. These images can be volumetrically manipulated,
reprojected and then quantified to yield structural information about the LESC niche.
Using the same imaging equipment (with mechanical additions) this workflow then
allows the mechanical characterisation of the LESC niche. These results have
facilitated the complementary characterisation of the structural and mechanical
properties (and the interplay), illustrating the age-related effects. It has been
demonstrated that with increasing age there was a loss in crypt structure and a
softening of the tissue structure, this would suggest that the limbal crypts (the EPR)
would have degraded in integrity and a loss of stem cell pool competence. This was
observed mechanically by a mean decrease in epithelial stiffness by 23.5% and a
limbal stiffness decrease of 34.1% between the >65 and < 65-year-old groups using
the linear ROl method. The drawn method of LESC niche stiffness determination was
compared to the linear method and found that there was a 23.3% decrease in stiffness
(across the whole population) observed. In the findings of age-related changes in the
niche, it was found that the average modulus for the over 65-year-old group was found
to be 27.2 £ 13.7 Kpa, whereas the under 65-year-old group was 38.7 £ 14.9 Kpa (a
29.8% change from the younger to older groups). The tissues reported upon in this
chapter had been stored in organ culture for a significant time, with the potential for
both cellular and niche changes whilst in storage. Therefore it would prove interesting
if future work could be applied to fresh tissue. Future work would seek to maximise the

efficiency of extracting the raw elastographic data out of the OCE files using MATLAB
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software to reduce errors introduced through compression, thus increasing mechanical

data resolution.

159



Chapter 4. Fabrication and Design of a Novel
Bioreactor and Generation of Wrinkled Surfaces

160



4.1 INTRODUCTION

This research aimed to establish proof-of-concept employed in the production
of a bioreactor system featuring wrinkled substrate surfaces. Two methods were
employed to achieve substrate wrinkling: 1) the compression of a bilayer substrate and
2) oxygen plasma treatment/wet chemical oxidation of uniaxially stretched elastomer.
To achieve the former method, a compression frame was designed. To achieve the
latter, the treatment process parameters were optimised and a sturdy stretching frame
was fabricated to perform successful topography fabrication using both treatment

methodologies.

Once wrinkled materials were produced, bioreactor assemblies were set up in
6-well plates to trial suitability for culture, testing the accessibility to the substrates and
the adjustability of the frames in situ. The term “bioreactor” as used in the context of
this research encompasses the compression/stretching frame (with the corresponding
wrinkling substrate) contained within a 6-well plate with culture medium. Once it was
determined that a viable bioreactor system was established, quantification of the
topography and visualisation of the topography shape was required. This analysis
sought to ascertain the structural biomimicry of the generated surfaces in comparison
to the human LESC limbal anatomic niche. As discussed previously (Ref. Chapters 1
and 3) the LESC anatomic niche has a specific undulating crypt shape and dimensions
as determined by OCT imaging. These dimensions are an average of 50um depth
(range = 35-120um) and an average of 50um width (range = 15-150um). Therefore
developing the ability to visualise the created topography in these dimensions was
critical to assessing the current methods of material production. This in turn facilitated

further optimisation giving rise to the generation of more biomimetic topographies.
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The development of the associated material fabrication procedures and the
design of a compression bioreactor to facilitate substrate compression were the
priorities. These properties translated well into the stretched approach due to the
elasticity of the bulk material and its ability to be surface-modified by various
processes. In the design process, there was an imperative to ensure cytocompatibility,
therefore the selection of materials was restricted to materials which are considered
biocompatible. First and foremost, the materials evolved in the production process
must not be contact-toxic and have sufficient stability so that they do not degrade into
toxic degradation products (Biswal et al., 2020). An example of a study using
engineered polymer constructs (which were optimised with biocompatibility and cellular
bioactive effects in mind) was the development of boron-containing PVA-based
cryogels (Ceylan et al., 2023). In this particular study, a polymer composite scaffold
was designed to structurally mimic cortical tissue but maintain cell cytocompatibility at
an interface level in the base design of the material. A bioactive molecule (Boron) was

incorporated into the scaffold to induce changes to cellular behaviour.

Similarly, this research seeks to describe the development of a bioreactor
design which meets the biocompatible needs of the target limbal epithelial cells,
through material selection and treatment protocol design, coupled with a physical

method of cellular control through the formation of topography.

Thus for this research application, the bulk material was selected as
Polydimethylsiloxane (PDMS), specifically Sylgard 184, a thermo-cured PDMS
compound. This material, in its native and freshly cured state, is well known for its
chemically inert nature and therefore prima facie biocompatibility. PDMS is unable to
degrade into harmful degradation products or present harmful functional chemical

groups which would directly harm cells upon contact (GOmez-Varela et al ., 2021).
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PDMS has been extensively used in microfluidic devices and advanced surface
applications (Akther et al., 2020, Tang et al., 2021, Majhy et al., 2021) due to its
acknowledged biocompatibility, ability to be physically deformed/manipulated and
surface functionalised. The highly pliable nature of cured PDMS, which has previously
been demonstrated to be modifiable through altering ratios of crosslinker, plasticiser
and bunder as characterised by using mechanical means, makes this material a highly
desirable choice for a bulk material choice for wrinkling in the physical sense (Kosta et

al., 2020).

The compression bioreactor was designed as a simple per-sample device to
fulfil the requirement to generate wrinkled topography in polylactic-co-glycolic (PLGA)
and polycaprolactone PCL polymer film laminated to PDMS blocks (laminated blocks).
In these laminated blocks, the surface film had a significantly greater Young’s modulus
compared to the PDMS bulk (Luk et al., 2013, Shirazi et al., 2014, Wang et al., 2014).
The frame allowed varied amounts of compression to be applied either continuously or
dynamically (by manual alteration of the amount of compression). When experimental
pitfalls were found with the compression-based laminated block system, a tension-
based frame with a specially moulded PDMS chip bioreactor system and material

treatment workflow was designed to generate more ideal culture substrates.

The use of oxygen plasma treatment on an elastomer surface has previously
been established to generate a wrinkled topography. Owing to the ability of this method
to both generate topography and a biocompatible surface in a single treatment, it was
considered that this method was worthy of pursuit to generate control surfaces which
could enable comparison of cell growth/behaviour on a static, pre-wrinkled surface.
Like the compressed laminated block method, this method required a novel design

element to facilitate treatment. To create the topography the elastomer must be
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uniaxially stretched before treatment with this stretch being maintained through the
plasma treatment cycle. After treatment the substrate was relaxed, and the silicate-like
layer which formed on the upper surface (arising from O2 plasma-mediated cross-
linking) had a greater modulus compared to the bulk. During relaxation, wrinkling was
observed. This phenomenon could only be achieved through the careful balance of
plasma treatment parameters in terms of exposure time, O2 pressure and plasma
generation power. To provide the uniaxial strain, a dual-purpose stretching device was
designed and constructed to apply simple uniaxial stretch of the elastomer within the
treatment chamber. Co-opting the designed frame employed in the plasma treatment
process, the wet chemical oxidation of pre-stretched PDMS was explored. In principle,
wet chemical (acid) oxidation works in the same way as oxygen plasma wherein the
elastomer surface is stretched and oxidized to form and stiffen the exposed surface,
leaving the bulk sufficiently elastic to satisfy the simple wrinkling formula requirements
(Dimmock et al., 2022). Static examples of the generation of wrinkled PDMS include
the randomly ordered surfaces produced in the creation of microspheres (Yin et al.,
2014). However, it has also been demonstrated that it is possible to achieve more
linear ordered wrinkling using this approach (Watanabe and Mizukami, 2012,

Watanabe and Hashimoto, 2015).

The developments in wrinkling PDMS explored in this chapter were capable of
producing undulating topographies which can be maintained in either a static state
(constant presence of topography) or with an ability to be dynamized, where the shape
of the crypt was able to be altered from an undulating shape to a flattened surface.
Within the purview of this project, the term “dynamic” is applied to the topography due
to the ability to actively change the morphology of the surface during culture. These

changes can be effected without removing the cells, re-starting the culture or using
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new material for a different undulating surface. Static systems have previously been
used in the replication of LESC niche features, ranging from the use of collagen gel
channels (Haagdoresn et al., 2019), to fibre-based scaffold niche reconstructions (Tan
et al.,, 2022) and membranous/fibre cell transplant techniques which have niche
mimicry (Li et al., 2017, Sanie-Jahromie et al., 2020). Whilst these static systems have
proven ability to preserve LESC stemness (thus revealing some insight into niche
function) a dynamic system is considered more favourable in a stem cell niche
modelling capacity, as tissue is very rarely static. Tissue movement comes through
natural body movements such as blinking and eye movements, inflammation from
disease and tissue architectural alterations from injury and ageing. It is proposed that
all of these could potentially either individually (or synergistically) mechanically alter
stem cell function through the alteration of LESC crypt morphology. Additionally, being
able to modulate topography shape in depth, width and steepness (to both extremes)
and homeostatic biomimicry has positive future implications for modelling limbal
disease. The substrates produced by the dual treatment method demonstrated the
greatest dynamic capacity by retaining their shape and returnability after a total of 4x

cyclic loading during cellular testing (section 5.3.6.1).
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Figure 4.1: General schematic for the production of wrinkled substrates. This
schematic describes the process of producing wrinkles on an elastomer surface using
both a stretching frame (for acid oxidation and dual treatment) or a compression frame
(for the laminated block method).

This chapter describes how the generation of wrinkled topography is achieved
by merging smart-material fabrication with physical phenomena (Dimmock et al, 2020)
to replicate the LESC niche undulating topography (Grieve et al., 2015,
Shanmuganathan et al., 2007, Dimmock et al., 2023). To this end, a compression
bioreactor system using simple components which allowed control over the formation
of wrinkled topography was initially designed and fabricated. The ability to fine-tune
substrate material (polydimethylsiloxane), which was integral for both methods of
wrinkle generation, was attained through compression testing. However, due to flaws
in the laminated block method, alternative methods of wrinkling were explored. The
principle methods of O2 plasma treatment and wet chemical oxidation of PDMS were
able to generate the wrinkled surface phenomena. These core methods formed the

foundation for producing a material model of the LESC anatomic niche.
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4.2 MATERIALS AND METHODS

4.2.1 Fabrication of PDMS

Throughout this chapter, PDMS (polydimethylsiloxane) is defined as the base
bulk material from which wrinkled topography was created. The final solid PDMS was
produced by the mixing of the two liquid components, the elastomer and the curing
agent in the desired curing agent concentration, expressed in percentages ranging
from 2.5-10%. Once correctly mixed, the pre-cured PDMS was dispensed using a 1ml
syringe into the desired mould(s). These moulds were incubated overnight at 50°C.
Once fully cured, the PDMS was carefully removed from its mould and overflowed
edges scored by a razor if necessary to aid in the removal of the moulding without

damage.

4.2.2 Fabrication of Polymer Membranes

PLGA and PCL were sourced in the granule form. The polymer granules were
dissolved in 99% Chloroform at the proportion of 0.25% polymer concentration (by
mass). Each granule type was dissolved in chloroform with stirring for 24 hours. A
taped closed 150mm glass petri dish was used for solvent casting of the polymer
solution in a fume hood. To control the rate of chloroform evaporation, an 18ga blunt-
tipped needle was inserted into the sealing tape, LuerLock aperture facing downwards.
This needle vent ensured the vital slow rate of evaporation needed to solvent-cast the

thin polymer membrane.
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4.2.3 Preparation of Laminated Blocks

The laminated blocks were produced by the adhesion of the PLGA or PCL
membranes to the moulded PDMS blocks using a silicone rubber compound adhesive.
The adhesive was spread in a very fine layer using a coverslip as a spreader, utilising
a 5x magnifying glass to ensure homogenous spreading was achieved. To create the
wrinkled topography using this method, the blocks were compressed in the lateral

direction, using specially designed compression frames.

4.2.4 Oxygen Plasma Treatment

The method used for oxygen plasma treatment was low-temperature oxygen
plasma, employing the Diener Femto device. The PDMS substrates subjected to
oxygen plasma were placed surface-up in the chamber and a near total vacuum of 0.3
mbar is imparted upon the chamber. The standard parameters for treatment were;
1.5mbar O2 pressure and 10 minute exposure. Power variance was achieved by
changing the parameters using the touchscreen interface of the onboard computer
controller integrated into the Diener Femto plasma machine. After treatment, the
substrates were only able to be removed from the chamber after the flush and vent

sequences were run to release the vacuum and safety maglock.

4.2.5 Wet Chemical (Acid) Oxidation

The sulfonitric acid was prepared by first carefully introducing sulfuric acid into
nitric acid dropwise into a glass beaker immersed in an ice bath in a fume hood. Once
the acids were safely mixed to the 3:1 ratio of sulfuric to nitric acid, the sulfonitric acid

was heated to 80°C and stirred with a magnetic stirrer within a fume hood for 2 hours.
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After thermal attenuation, the acid was allowed to cool before being transferred to the
nalgene® storage bottle. PDMS substrates were stretched using dedicated stretching
rigs to defined elongations. These pre-strained substrates were then exposed to the
sulfonitric acid for the specified time. The standard exposure time was 5 seconds,
however, during optimization this exposure time was varied. Immediately after
exposure, the substrates were quenched in a 2-step sequence: (1) using 1M sodium
hydroxide and then (2) transferred into a large water bath for 10 minutes. After

oxidation, substrates were air-dried.

4.2.6 Dual treatment

In the dual treatment method, PDMS chips (0.5mm thick x 20mm wide x 20mm
long overall) were produced using 3D printed moulds, where pin holes corresponding
to the stretching frame pillions (positioned at zero stretch) were moulded in place. Once
pre-stretched to 20% elongation, the substrates were first subjected to wet chemical
oxidation, following the procedure in section 4.3.5 with an exposure time of 5 seconds.
The oxidized substrates were dried in the air after quenching. After ensuring both the
substrates and the stretching frames were dry (and without removing the chips), the
frames with the substrates attached were transferred to the Diener Femto plasma
treatment machine. The chips were then exposed to the oxygen plasma using the
standard program as outlined in section 4.2.4 with the power set to 50W, oxygen
pressure set to 1.5 mbar and an exposure time of 10 minutes. To form the wrinkles on
the surface, the chips were removed from frames at this stage to relax the elongation

and allow the topography to propagate along the surface.
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4.2.7 Mechanical Testing

The machine used for compression testing was the BOSE electroforce 2300
series (Bose). The initial linear region was extrapolated from the acquired data, using
the 22 N load cell. The rate of compression application was set to 0.01 mms™. To
construct a profile of bulk material properties, PDMS of curing agent concentrations of
2.5%-10% curing agent concentration were fabricated and compressed. PDMS blocks

were compressed as 10mm x 10mm x 10mm cubes, samples were tested at n = 3.

Tensile testing was performed on the testometric mechanical testing machine,
with the 250 Kgf load cell fitted. The sample polymer membranes were pre-cut into
strips (with tabs of autoclave tape at each end to ease handling of the membrane
samples and these were fitted into the jaws). The test speed for the tensile tests was
0.1mms™t. PDMS samples were tested as treated chips with dimensions 0.5mm thick

x 10mm wide x 20mm long, n = 3 for each type of substrate tested.

4.2.8 Optical Coherence Tomography

B-scans were obtained of the materials using the Thor-labs spectral radar
Telestro-Il device. In the acquisition of the images, (controlled through the dedicated
Thor-labs OCT software) pixel averaging windows were set to 1x1, meaning the
highest resolution images by pixel were attained. Image field correction was applied to
flatten the edges of the image to compensate for the lens distortion. For volumetric
images, the 3D mode was applied to acquire multiple B-scans throughout a 6 x 6 mm

acquisition area.
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4.2.9 Scanning Electron Microscopy

High-resolution imaging of material surfaces was attained using the
Hitachi TM4000 scanning electron microscope. The scanning parameters were as
follows; an accelerating voltage of 15 kV, medium vacuum conditions and utility of the
secondary electron (SE) detector. Before scanning, samples were air-dried for at least
24 hours before coating. The samples were sputter coated with gold, with a thickness

of approximately 10 nm shortly before imaging.

4.2.10 Atomic Force Microscopy

Samples of wrinkled PDMS were outsourced to the University of Sheffield for
atomic force microscopy (AFM) for surface analysis by the peak force tapping method.
From this outsourced analysis surface maps of the wrinkled topography and
quantification of the roughness quotient were obtained for the acid-oxidized, plasma-
treated and dual treatment evolved wrinkled PDMS surfaces. Due to the cost of
outsourcing, only preliminary data was acquired with n=1 samples of each treatment

type being sent for AFM analysis.

4.2.11 Water Contact Angle

The method used for the assessment of surface hydrophobicity was water
contact angle. Measurements were taken using the Attention One water contact angle,
controlled using the associated software. Data acquisition was taken over 10 seconds
at a frame rate of 15 frames per second. The baseline was manually drawn underneath
the droplet and the software calculated the contact angle of the droplets between the

edges of the meniscus and the baseline on both sides of the image. The contact angle
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was calculated as an average of all frames taken per sample to determine how

hydrophobic or hydrophilic each sample was.

4.2.12 Raman Spectroscopy

The Raman spectra were acquired using the DXR Raman microscope machine
(Thermofisher Scientific) with the acquisition being controlled through Omnic software.
The collected sample was set up in the bench (in the software) to collect 6 acquisitions
per point and produce a final x6 average spectrum per point. Post collection, the
spectra were saved in .CSV format and analysed (post-processing and averaging)
using Quasar, a spectroscopy-optimized package of Orange (which is a Python-based
workflow package). The parameters of pre-processing were as follows: Firstly the
spectrum had been ‘cut to keep’ between 243 and 3000 cm-1, secondly, a rubber band
baseline correction was applied and finally a Savitsky-Golay filter with a window of 15

and polynomial order of 2 was applied.

4.2.13 3D Printing

Custom-designed parts were designed using Fusion 360 (Autodesk) computer-
aided design program and exported in the .stl format. The .stl part files were sliced
using Flash Print 5 to create G-codes specific to the relevant material type being
printed (refer to section 2.2.2.2 for print parameters). The generated .gcode files were
utilised by the Flashforge FDM printer wherein the parts were printed. Prototype and
non-reuseable parts were printed in polylactic acid (PLA) whereas thermal-resistant or

reusable parts were printed with Acrylonitrile butadiene (ABS).
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4.2.14 Bioreactor Design

4.2.14.1 Compression Frame for Laminated Blocks
In this setup, the arms of the frame were 3D printed with a biocompatible

material (ABS). The frames were assembled using A2 grade M2 25mm bolts and A2
grade M2 nuts to facilitate sterilisation using 70% IMS before implementation in a
sterile environment. Using a pair of forceps, the bolts were able to be simply tightened
or released sequentially to facilitate both assembly and tuning of the compressed
substrate (to initiate the generation of the wrinkles). To prevent slippage of materials a
U-shape groove was incorporated along the inside of the arms, any upwards slippage
of PDMS blocks. Sterilisation was performed using 70% IMS for a minimum of 40
minutes during frame assembly (in the biological safety cabinet). Assembly of the

compression frame and parts dimensions are presented in Figure 4.2.

B)
Bolt Nut
Arm

@)
25mm
I 1
soee [ O W™

Grip-face Side-view

Figure 4.2: Compression frame assembly for laminated block bioreactor setup.
A) In-situ with a PDMS test piece inside a 6-well plate well. B) An illustration showing
the component assembly of the frame. C) Scaled rendering of the compression frame
grip arm from the CAD software.
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4.2.14.2 Stretching Frame and Moulds for Chip-Based Methods
The stretching frame, as presented in Figure 4.3, had to serve a two-fold
purpose as both complex cultureware and as an implement vital for the preparation of

the substrates following the lessons learned in the compression frame.

A) B)

10mm

Figure 4.3: Tension arms bioreactor rig and complementary mould. A) 3D render
of a mould, B) 3D render of assembled stretching arms, C) photograph of assembled
bioreactor setup with an untreated PDMS substrate chip (moulded from a mould (as
illustrated in A) stretched to 20% strain as if in use. D) Scaled rendering of the
compression frame grip arm from the CAD software.

These stretching frames had to be durable, therefore the decision was
made to make the arms out of 316L stainless steel. This grade of steel is widely used
in liquid handling/tolerating environments from food processing to medical device
applications It is commonly used for its balance of high strength and corrosion

resistance, albeit requiring specialist tools to machine/fabricate (Abbas et al., 2021).
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The arms were designed using CAD (Fusion 360) (Autodesk, USA) and laser cut
(Kloeckner Metals UK). The nuts and bolts used were 304 stainless steel (grade A2)
with the bolts being 30mm socket head M3 bolts and nuts being M3 sized (Accu, UK),

with similar metallurgical composition and properties to 316L.

4.3 RESULTS

4.3.1 Demonstration of the Bioreactor Setups

Shown in Figure 4.4, are examples of each type of bioreactor frame in situ as
intended in the 6-well plates. In these exemplar setups, it is possible to see the wrinkles
propagating across the surface of the compressed laminated blocks. It is observed
even when hydrated in PBS that the wrinkles had begun to degrade and the membrane
started to peel away. In the stretch bioreactor setup, the culture medium was used to
visualise how the stretched (to flatten) suspended substrate is covered by the medium.
Due to the optical properties of PDMS (even after surface treatment) and the coloured
medium being similar, it is difficult to see the PDMS and its surface without using a

dissecting microscope or OCT imaging.
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Figure 4.4: Photographs demonstrating the two different bioreactor setups in
situ. A) The compression bioreactor setup with a PCL laminated PDMS block
compressed to 20% compression, originally immersed in PBS with some removed to
visualise the obvious surface wrinkles and delamination. B) The stretch frame
configuration, with the specially moulded substrate chip immersed in culture medium,
stretched to 20% stretch to remove wrinkles from the surface, forceps show the ease
of accessibility. Both scale bars = 10mm.

4.3.2 PDMS Bulk Optimisation by Compression Testing

The compression testing of PDMS was used to (i) determine Young’s modulus
for each of the formulations and (ii) to demonstrate the ability to control the modulus
through the composition ratio of PDMS elastomer to curing agent. The average
Young’s modulus increased concurrently with the increased percentage of curing
agent in the composition, with the softest composition 2.5% reporting a modulus of
0.24 + 0.515 KPa and the stiffest composition of 10% presenting a modulus of 3.51 +
0.601 KPa, as summarized in Figure 4.5. Overall there is a nearly 15-fold increase in
PDMS stiffness when the curing agent concentration is increased from 2.5% to 10%.
Additionally, it was noted that variability in the data (as shown in Figure 4.5) increased
with the increase of the curing agent. After the performance of a one-way analysis of

variance (ANOVA), it was determined that most fractions are significantly different from
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each other with P > 0.05, however, 2.5% and 3.33% were not found to be significantly
different. This test contributed towards the selection of the PDMS formulation most
suitable for each wrinkling application. This is to ensure that sufficient difference
between the bulk (as tested here) and the surface can be achieved. This profile does
not follow a linear trend, but the increase in Young’s modulus with an increase in curing
agent relationship does provide a guide for PDMS formulation selection. On stretching
frames, only 3.33% and 2.5% can be used without the PDMS snapping during plasma
and/or acid exposure. 10% PDMS, the manufacturer's recommended fraction cannot
even be applied to the stretch frames without damage to the substrate in the first

instance.

W~
a1
)

oV
Il W=
1 1
—t -l -

w .
|

Young's Modulus / KPa
= s
101 I \S LS
—_—

<
Ul =

2.50% 3.33% 5% 10%
PDMS curing agent concentration

o

Figure 4.5: Young’s moduli of compressed PDMS blocks at different curing
agent concentrations. A significant difference between the groups was determined
using a one-way ANOVA Tukey post-hoc test, where P > 0.05, n=3.
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4.3.3 Tension Testing of Polymer Membranes

The membranes were subjected to mechanical testing alone, to ensure that they
were mechanically appropriate materials to use in the generation of wrinkles. To
ensure suitability, at a minimum they must have attained Young’s modulus 10-fold
greater than the PDMS bulk material measured through compression testing. Having
this in mind, the observation that the membranes attained moduli of 195 + 52.4 KPa
for PLGA and 75.6 £ 40.0 KPa for PCL, was established that satisfied the requisite
stiffnesses as demonstrated in Figure 4.6. It should also be noted that the PCL
membrane was observed to be significantly more elastic than the PLGA membrane.
This significance was determined by the Student’s T-test where a = 0.05 and the P

value = 0.035.
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Figure 4.6: Tension testing of PLGA and PCL membranes to determine the
Young’s modulus. Statistical significance is signified by the *’ icon and determined
by the Student’s T-test, n=3.
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4.3.4 Laminated Blocks

Polydimethylsiloxane blocks were laminated with two types of membranes,
polylactic-co-glycolic acid (PLGA) and polycaprolactone (PCL). These blocks were first
coated with a fine layer of silicone glue then the membranes were applied and weighed
down applying even pressure for the duration of the glue curing. The principle of using
the membrane laminated PDMS satisfied the simple model for wrinkling (Dimmock et
al., 2021), by way of using an additive method to provide the surface (membrane) with
higher Young’s modulus compared to the lower modulus bulk (the block). In these
instances the prerequisite conditions for surface wrinkling were achieved, facilitating a
mode of wrinkling comparable to the formation of wrinkles visible upon unilateral
compression of skin. To achieve wrinkling the laminated substrate blocks were
compressed from opposing sides using a compression frame, (whose design is
described in section 4.3.1.1). Upon the application of the compressive force, the

wrinkles were immediately visible across the laminated surface.

This method of wrinkle generation produced comparatively giant wrinkles in
comparison to the other methods discussed, the crypts possessed defined morphology
visible to the naked eye. This feature, in addition to the mode of generation through
compression, sets this method apart significantly from the other approaches to
generating topographies discussed in this chapter. The morphology of these wrinkles
was (very) the typical form associated with the term wrinkling, Figure 4.7 demonstrates

these compression-formed wrinkles.
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Figure 4.7: Demonstration of wrinkling using laminated blocks. A) a
representative diagram demonstrating wrinkle formation, B) a laminated PCL block
compressed to 10% and C) a laminated PLGA block compressed to 10%. B) and C)
are scaled to the presented scale bars of 5 mm.

Examples of such classical soft matter wrinkling are discussed in (Lee et al .,
2023) wherein the wrinkling of the skin and its implications for cosmetic surgery is
investigated and (Chavoshnejad et al., 2021) where the age-related degradation of
collagen, resulting in skin wrinkling is discussed. Therefore it can be confidently stated
that this topography is macro-scaled (and the largest scale-generated topography
discussed in this chapter) with crypt to crypt width of 194.8 + 43.4 ym and a height of
39.5 £ 5.1 uym for PLGA laminated blocks and a width of 72.4 + 22.2 ym and a height
of 14.2 + 2.4 ym for PCL laminated blocks. These dimensions were proposed to enable
multicellular cultivation within the crypts, to create a sinusoid crypt culture akin to the

observed limbal palisade of Vogt structure (Patel et al., 2006) (Dua et al., 2005).
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Figure 4.8: Optical Coherence Tomography imaging of laminated blocks. A) OCT
B-scan of PCL laminated block at 10% compression, B) OCT B-scan of PCL laminated
block at 20% compression, C) OCT B-scan of PLGA laminated block at 10%
compression and D) OCT B-scan of PLGA laminated block at 20% compression. E)
guantification of crypt shape from OCT B-scans, showing the comparison between the
levels of compression and change in dimensions. F) lllustration of a wrinkle undulation
demonstrating how OCT measurements of wrinkled materials were taken, 3 blocks of
each composition were measured at both levels of compression with averages taken
of n=10 measurements of crypt height and width.

It was hypothesised that the amount of pressure applied to the blocks could

effectively control the crypt dimensions of the laminated blocks. Whilst the crypt shape
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was demonstrated to have changed, as shown in Figure 4.8 the increase of bilateral
compression from 10% to 20% strain caused the peak-peak width to narrow and the
crypts to deepen. However when compared using a statistical method (one-way
ANOVA with Tukey’s pairwise comparison), it was ascertained that intra-material
comparisons Yyielded no statistically significant difference. However inter-material
comparisons did demonstrate that there is a significant difference between the crypt

dimensions offered by the different materials, refer to Table 4.1 for relevant P-values

below.
Tukey Post-Hoc Test — Width
PLGA 10% PCL 10% PLGA 20%  PCL 20%
PLGA 10% — 0.004* 0.928 0.003*
PCL 10% — 0.008* 1
PLGA 20% — 0.007 *
PCL 20% —
Tukey Post-Hoc Test — Depth
PLGA 10% PCL 10% PLGA 20%  PCL 20%
PLGA 10% — 0.004* 0.135 0.009*
PCL 10% — <.001* 0.87
PLGA 20% — <.001*
PCL 20% —

Table 4.1: Tables displaying the results of the one-way ANOVA wherein Tukey’s
pairwise comparison post-hoc test was performed. The P-values are listed for
each comparison and pairs which were found to be statistically significantly different
are listed with a **” where a = 0.05

Though the morphology of the laminated blocks showed great promise, there
was a significant drawback, an observed delamination of the membrane under
prolonged compression in cell culture. The delamination was observed through the
loss of wrinkle shape over time during incubation. Critically, due to this delamination,

it was deemed that the laminated block method of wrinkling was unreliable, despite
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extensive efforts to find an appropriate biocompatible and compressible adhesive that

does not delaminate upon wetting.

4.3.5 Oxygen Plasma Treatment

Whilst the laminated block method presented initial promising features for use
in the bioreactor system, the observed delamination (and subsequent uncontrolled loss
of topography) was problematic. The solution therefore was to develop the bioreactor
substrate with an elastomer wrinkling method which directly modified the bulk and
could offer topographical permanence. Oxygen plasma treatment, as demonstrated in
other studies such as the method presented by Glatz and Fery offered a promising
avenue of development (Glatz and Fery, 2018). Oxygen plasma treatment is an
alternative method to achieve the desired topography compared to the adhesion of
membranes to the PDMS bulk. In essence, the overall principle is the same, exploiting
the use of a formed ’film’ on the surface which is significantly stiffer than the bulk
underneath. Following the simple wrinkling model (Dimmock et al., 2022) the wrinkles
form when the lateral force is exerted upon the system. However, this is where the
similarities end. The first major difference is there was no addition of material to the
system, only the bulk material was required at the start of the process. The O2 plasma
treatment generated a stiffer surface film by introducing oxygen-mediated cross-
linkages between the cured PDMS elastomer chains. Plasma treatment could even be
used to cross-link liquid PDMS by this mechanism. This is a well characterised process
and results in the formation of a silicate—like layer which is in the order of up to ~100nm
thick (Glatz and Fery, 2019, Ismail et al., 2020). The second major difference is the
mechanism by which the lateral force is applied to form the wrinkled topography. In

this method, the substrates are pre-stretched before exposure to the plasma. After the
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surface is subsequently stiffened by plasma treatment, the substrate is considered to
be in a flat ‘neutral’ state. When the stretch was released, the entire surface contracted
inwards from both lateral directions simultaneously, this imparted a lateral force

through the surface to induce topography formation.
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Figure 4.9: Bright-field micrographs of plasma-treated topographies formed
using different parameters. A-C) variation by treatment power and D-G) variation by
stretch application. Scale bars are 20 um length for all images. H) Bar chart presenting
guantification of wrinkle width (crest-to-crest) in terms of percentage stretch applied
and I) bar chart presenting quantification of wrinkle width in terms of plasma power
applied to the substrates. Statistic significance is marked with * on charts where P <
0.05, n=5 substrates were measured with averages of 5 measurements per substrate

taken.
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Figure 4.9 serves to demonstrate the capability of using low-temperature
oxygen plasma in the generation of topography. The first row presents variation in
applied power of A) 20W, B) 40W and C) 60W with respective wrinkle widths of 5.68
pum £ 3.07 pm, 2.62 um £ 1.37 pm and 1.75 pm = 0.71 um. Stretch was maintained
constant at 10%. The second row of images presents applied stretches of A) 5%
stretch, B) 10% stretch, C), 18.5% stretch and D) 40% stretch., with respective wrinkle
widths of 2.28 um + 1.09 pm, 4.54 um £ 1.41 pm, 4.23 ym £ 1.38 um and 3.72 um +
0.98 um. Plasma power was maintained constant at a power of 50W. For both tests
oxygen pressure was maintained at 1.5mbar and the duration of exposure was
unchanged from 10 minutes. All measures are n = 10 from a sample group of n = 4.
One-way ANOVA, with a Games — Howell post-hoc test (due to unequal variances)
indicated that wrinkle widths resultant from the lowest stretch applied (5%) were
statistically significant from the others, whilst 10% was also significantly different from
40% stretch, where P < 0.05. The same statistical method was used for the power test.
It was evaluated that wrinkle widths generated by all power application conditions were

statistically significant from each other, where P < 0.05.

Depth analysis by optical methods proved to be unsatisfactory due to the small
scale of the wrinkles, however, an inspection of the plasma-treated surface by
scanning electron microscopy revealed the nature of the wrinkles in much greater
detail. The wrinkle curvature was more obviously resolved, and the topographies taken
for electron microscopy were subjected to the ‘standard’ plasma treatment program,
which was 50W power, 1.5 mBar Oxygen pressure and 10 minutes exposure time

formed under a 20% stretch. The average wrinkle width for these substrates was
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measured to be 4.12 um £ 1.1 um, measurement n = 5 sample n = 3. This is consistent
with the power and stretch variability testing. However, still being a 2-dimensional
method of imaging, the capacity for depth-resolved imaging and thus the accurate
mapping of the crypt morphology was not possible using the electron microscopy

method shown in Figure 4.10.

Figure 4.10: Scanning electron microscopy of plasma-treated PDMS. A)
Acquisition at low power showing wrinkles at low power and surface cracking (X150)
with a scale bar representing 100 um. B) Acquisition at high power showing individual
wrinkles (X5000) with a scale bar representing 5 pm.

Atomic force microscopy facilitated 3-dimensional mapping of the plasma-
generated topography due to the ultra-high resolution of the equipment. A drawback
of this is that these results were obtained as a commercially outsourced service
(Sheffield University) due to equipment availability, therefore due to cost and labour
considerations replicates were limited to n = 1 as a preliminary analysis of the chip
format substrates. There is potential to investigate these substrates further using AFM,
particularly in the comparison of substrate surface roughness. However there are

limitations to measuring crypt depth with the substrates of crypt dimensions exceeding
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the acquisition window at the highest magnification, but at the lower presented
magnification, it would be feasible to look at both depth and roughness. However,
given the uniqueness of this method (to accurately map the topography vertically within
nanometer accuracy) it is possible to calculate the depth from crypt trough to crest.
The measurement calculated from the highest resolution rendering, as visualized in

Figure 4.11, was 722 nm.
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Figure 4.11: Atomic force microscopy imaging of plasma treatment PDMS. A) en-
face and 3D spatial rendering of AFM 20 um x 20 um window and B) en-face and 3D
spatial rendering of AFM 20 um x 20 um window. The En-face image (left) is scaled to
the nominated scale bar, whilst the 3D rendered image (right) is scaled to the
associated XY grid.
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4.3.6 Wet Chemical Oxidation (acid-oxidation)

Wet chemical oxidation was introduced at a later stage in the substrate
development process once the laminated block method was considered obsolete. This
avenue of development was considered a necessity due to the limited size of wrinkles
being produced by oxygen plasma treatment. Therefore a method with the same
quality of topographical permeance as associated with the oxygen plasma treatment
but with larger topographical features was needed. The size of topographical features
should mimic the native limbal niche architecture in healthy tissue, therefore using the
Grieve et al. study, a crypt depth of up to 50um and crypt width range of 15-150um
was used as a literature-based target range (Grieve et al., 2015). However, as
determined by OCT, the native interpalisade crypt (ERP) width could be ~30um,
therefore wrinkles of this order, provided they can house at least single cells were
acceptable initially. Acid oxidation of PDMS shares a similarity to the oxygen plasma
treatment method of generating wrinkles, where a stiffer upper surface was created in
the bulk material during treatment. Sharing another feature with the plasma treatment
method, the generation of the wrinkles required the PDMS substrate to be pre-
stretched before exposure to the strong acid. The acid oxidation was performed using
a 1:3 mixture of nitric to sulphuric acid. Due to the strength of the reagents involved,
the surface reaction occurred quickly, resulting in surface modification within a matter
of seconds. Quenching with sodium hydroxide and water terminated the surface

reaction immediately.
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Figure 4.12: Bright-field micrographs of PDMS oxidized with sulfonitric acid to
produce topography. Substrates made with 3.33% curing agent were pre-strained to
5% and exposed to the acid for the specified amounts of time, ranging from 5 to 12
seconds. N = 3 for each time exposure and the scale bar in the lowest right-hand image
is representative of all images in the panel and 500 pm in length.

Figure 4.12 shows the changeability in the produced topography through the
variation in exposure time to 50 ul droplets of sulfonitric acid. Due to the highly variable
nature and definition of the produced features, quantification of the produced features
in initial testing was not feasible. However, as a qualitative appreciation for the effect
of acid exposure, 12 seconds did not produce any wrinkles, instead producing a

textured and cracked surface. 10 second exposure produced an exfoliated and
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cracked surface which showed evidence of some wider wrinkle generation in places.
For 8 seconds, wrinkles were more defined and regular but interspersed with cracks
and bifurcations. 5 seconds produced narrow features, with minimal surface cracking,
but interspersed with regular intersecting features and bifurcations. However, this was

the least damaged of the series.

After determining the ability to control surface feature generation using
sulfonitric acid, it was ascertained that there was a requirement to increase the quality
of wrinkle formation, moving towards limbal biomimicry. The priority was to increase
the linearity of the wrinkles before alterations to wrinkle magnitude were affected. To
this effect It was hypothesised that bending the substrates in a “U” shape, with the tails
bent away from the upper surface would impart surface forces conducive to forming
linear ordered wrinkling, propagating perpendicularly to the direction of bend release.
To test this, 3 levels of bending were applied to the substrates; complete bending (total
substrate folding), U-bending (bending around a glass rod to form a tight “U” shape)
and slightly bent (utilizing a PTFE roller of diameter 45mm to apply a wide larger radius
bend), the resultant wrinkling patterns are presented in Figure 4.13 Following the same
form of interpretation as the time-dependent feature generation test, the interpretation
of the bending tests is purely qualitative, due to the presented quality of the generated
substrate features. From the levels of the bending test, it can be observed that the
increase in bending (reducing bend radius) increased the ordering (and linearity) of the

features formed.
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Figure 4.13: PDMS substrates which were bent to impose physical strain on the
surface exposed to sulfonitric acid. A) Bent in a wide semicircle, B) Bent in a tight
“U” shape and C) completely folded. D-F) are all completely folded, but with varying
acid exposure times, D) instant exposure and quench, E) 5 seconds and F) 10 seconds
exposure. All samples are representative of n = 3 replicate, scale bars are individually
scaled in each image.

However, a side effect presented in the form of an increase in surface
degradation in fracturing and exfoliation, with the greatest level of bending causing a
near-total surface degradation. Conversely, the lower levels of bending resulted in a
lesser level of ordering and presented far lesser surface features, but preserved

surface integrity more.
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Figure 4.14: Variation of topography generation by PDMS stiffness. A) PDMS
formulated with 5% curing agent and B) PDMS formulated with 10% PDMS. Both
substrates were bent completely and exposed to the acid for 5 seconds, n = 3 and both
scale bars are 250 um in length.

Changing the stiffness of the PDMS demonstrated an ability to alter wrinkled
feature presentation as demonstrated in Figure 4.14. However, in all surviving samples
there is visual variation in the presentation of the generated topography, thus
presenting a challenge for quantification. Bifurcations and lateral intersections of the
wrinkles challenge the linearity of both groups, however, PDMS formulated with a 10%
curing agent presented better linearity and wrinkle presentation. However, this was
offset by surface exfoliation, cracking and pitting likely attributed to the increased
stiffness and increasing stress on the surface upon the bend release. As an anecdotal

reflection, substrates which were formulated with a 10% curing agent had a 25% failure

rate during production due to snapping during acid exposure.
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Figure 4.15: Immersed PDMS chips exposed to sulfonitric acid. A) exposure time
of 5 seconds, B) exposure of 10 seconds. Images are representative of 3 samples
each, and scale bars are individually scaled in each image. C) Bar chart describing
peak-peak crypt widths acquired from the en-face images represented in A) and B). *
Denotes statistical significance ascertained by Students T-Test where P < 0.05.
Peak-peak crypt width of the clearest aligned crypt features was measured for
both acid exposure times, measurements from these images indicate a crypt width of
50.0 £ 18.6 um for 5s and 93.5. + 37.9 um for 10s. These measurements were acquired
as N = 5 from each image and a total sample number of N = 3 for each exposure. A
Student’ T-Test was performed between the two exposure times and determined that

they were significantly different, with a P value of <0.001, where a = 0.05. This

quantification is summarized in Figure 4.15.
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Figure 4.16: Atomic force microscopy imaging of acid-oxidized PDMS. A) en-face
and 3D spatial rendering of AFM 20 um x 20 um window and B) en-face and 3D spatial
rendering of AFM 20 pm x 20 um window. The En-face image (left) is scaled to the
nominated scale bar, whilst the 3D rendered image (right) is scaled to the associated
XY grid.

Atomic force microscopy in Figure 4.16 revealed the acid-oxidized topography
in most detail, showing both the random-oriented topography as observed in other
modalities and also revealing nanoscale features attributed to the dual treatment
method. In this method, the nanoscale features resemble a rough knobbled

appearance, with an average roughness quotient of 24.9 nm taken from the 5 x 5 um

acquisition.
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Figure 4.17: Scanning electron micrograph of wet chemical oxidized PDMS. The
surface was exposed for 5 seconds using the immersion method on a stretching frame,
representative of a sample set of N = 3 and the scale bar is 100 pum in length.

Despite the randomly ordered topography, in these 2-dimensional images, the
peak-peak crypt width was able to be measured, however, measurements from these
images indicate a crypt width of 22.9 +10.4 um. These measurements were acquired
as N = 5 from each SEM image as exemplified in Figure 4.17 and a total sample

number of N =3
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4.3.7 Dual treatment

Dual treatment was the final advancement in the development of the
bioreactor substrate. This method was a culmination of both acid oxidation and plasma
treatment by combining these methods in a sequential surface treatment method. As
per the specifications for the acid oxidation method, the same target dimension ranges
(a crypt depth of up to 50um and a crypt width range of 15-150um) were employed.
However, the native interpalisade crypt (ERP) width could be ~30um, as found by OCT,
therefore wrinkles of around this magnitude would be considered acceptable as the
lowest boundary of acceptance. This method utilised a custom moulded chip which
fitted into the 316L stainless steel stretching frame. These chips underwent stepwise
treatments to stiffen the outer surface of the substrate. The first step is the wet chemical
oxidation of the pre-stretched chips, followed by oxygen plasma treatment. The
removal of the stretch imparted by the frames induced wrinkling over the upper surface
of the dual-treated PDMS substrates. The decision to incorporate both wet chemical
oxidation and plasma treatment together arose from anecdotal evidence of the
improvement of the alignment of the resultant wrinkles. Additionally, the combination
of the two methods (as outlined in Figure 4.18) facilitated the production of
topographies with dimensions closer to the desired biomimicking widths when the

PDMS was subjected to a dual treatment protocol.
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Figure 4.18: Schematic representation of the dual treatment protocol. The steps
undertaken to achieve the dual-treated PDMS substrates are as outlined.

The OCT imaging in Figure 4.19 of the dual-treated PDMS chips revealed the
ability of the dual treatment method to produce repeatable crypt topography with
distinct undulations. Additionally, it is also demonstrated that the variation of the curing
agent in the formulation of the PDMS substrate results in a change in crypt dimensions

after the dual treatment process.
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Figure 4.19: OCT analysis of dual-treated PDMS chips. A) Bright-field image of
PDMS formulated with 3.33% curing agent, B) Bright-field image of PDMS formulated
with 2.5% curing agent, scale bars are as represented in each image. Both images are
representative of 3 replicate samples C) Bar chart describing crypt dimensions
acquired from B-Scan OCT images. * Denotes statistical significance ascertained by
students T-Test where P < 0.05, n = 3.

The OCT enabled the resolution of the crypt dimensions, in terms of peak-to-
peak width and crypt depth, through depth-resolved imaging. It was found that the
respective peak-to-peak widths of the 3.33% and 2.5% curing agent formulated chips

were 70.9 £ 25.39 um and 128.2 £ 17.7 um. The depths of the 3.33% and 2.5% curing
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agent formulated chips were 17.1 + 4.64 um and 39.1 + 10.3 um respectively. Student’s
T-tests were employed to assess the statistical significance between the curing agent
concentrations, scrutinising both dimensions. It was ascertained that in both
dimensions the curing agent concentrations affected statistically significant different
crypt dimensions, for peak-peak crypt width the P-value was 0.033 and for crypt depth,

the P-value was 0.028, where a = 0.05.

Figure 4.20 demonstrates the shape memory of the substrates, here the
substrates were each subjected to the following scan procedure: first subjected to the
dual treatment protocol > scan 1 (before relaxation) > +20% elongation stretch
removed from each substrate > scan 2 (after relaxation) > +20% elongation stretch
reapplied to each of the substrates > final scan (reapplication of original stretch). Whilst
this does not cyclically load the substrates, it demonstrates the wrinkles topography to
be near-completely reversible after formation. This is the point where is not possible to

accurately measure the re-stretched topographies by OCT image analysis.
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Figure 4.20: Optical Coherence Tomography Imaging of a dual-treated PDMS
chip undergoing a cyclic load using the stretching frame. B-scan cross-sections
demonstrate the returnable nature of the dual-treated topography (N = 3).

The scanning electron microscopy in Figure 4.21 revealed the surface in higher
resolution of detail, similar to Figures 4.10 and 4.17 which depict acid-oxidation and
plasma treatment. In visual observation, it is found there is a visually high density of
perpendicular fault cracking across the surface of the material. However, in between
these cracks, sinusoid-like undulations are observed to form, propagating from left to
right as presented in Figure 21. In these 2 dimensional images, only peak-peak crypt
width can be measured, with measurements from these images indicating a crypt width
of 24.8 £7.2 um. These measurements were acquired as N = 5 from each image and
a total sample number of N = 3. These measurements were not found to agree with
the measurements captured by OCT, with a P value of 0.004 being determined

between the 3.33% dual-treated chips scanned by SEM and the OCT-scanned
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samples of the same treatment and composition. Significance was tested using the
Student’s T-test where a = 0.05. It is proposed the disparity in these recorded results
may be explained by the harsh sample preparation for SEM (adhesion to sample mount
and critical point drying) which may have damaged or shrunk the wrinkles formed on

the 3.33% chips imaged.

Figure 4.21: Scanning electron micrograph of a PDMS chip subjected to the dual
treatment protocol. This image is representative of a sample set of N = 3 and the scale
bar is 100 um in length.

The atomic force microscopy in Figure 4.22 revealed the dual-treated
topography in most detail, showing both the waveform/sinusoid topography as
observed in other modalities and also revealing nanoscale features attributed to the
wet chemical oxidation method. In the dual-treated substrates the nanoscale features
resemble a fine gooseflesh appearance, having an average roughness quotient of 53.9

nm taken from the 5 x 5 um acquisition.
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Figure 4.22: Atomic force microscopy imaging of dual-treated PDMS. A) en-face
and 3D spatial rendering of AFM 20 pm x 20 um window and B) en-face and 3D spatial
rendering of AFM 20 um x 20 um window. The En-face image (left) is scaled to the
nominated scale bar, whilst the 3D rendered image (right) is scaled to the associated
XY grid.

4.3.8 Compositional Analysis of Materials Undergoing Treatments

Raman spectroscopy is typically used as a tool for chemical analysis; this tool
uses the Raman scattering property to provide chemical bond compositional
information about the substance being tested, e.g. biomaterial studies by (Soares et
al., 2020, Kolodziej et al., 2021, Wang et al., 2023). As a spectroscopic technique, it
provided a non-destructive analysis of the surfaces through all stages of the treatment
process. The sampling protocol utilised in the analysis of the substrates was 5
acquisition points averaged for 3 samples per sample group. The changes detected by

Raman spectroscopy are subtle but suitably aid in the characterisation of treatment-
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induced changes to the substrates. It is observed that the sample group with the
greatest overall Raman intensity was the dual-treated substrates. Significant peaks
from the spectra in Figure 4.22 (which presented high intensity/cps) were observed in
all groups at ~1400, ~1250, ~860, ~ 780, ~620 and ~490cm-* with double peaks at
~2960-2910, ~150-200 and ~670-720 cm. These peaks correlate to PDMS identifying
peaks at 2967 and 2906cm (CHs stretching), 1413 and 1260 (CHs deformation) and
865 (CHs rocking), 492 cm (Si-O-Si stretching) and 790cm™ (C-Si-C stretching)
(Vesna et al., 2009). It is observed that the dual-treated substrates exhibited a greater

average intensity across the entire profile compared to all other groups.
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Figure 4.23: Raman spectra for PDMS treatment stages. The graph includes
spectra from non-treated PDMS (NT), acid-oxidized PDMS (AO), plasma-treated
PDMS (PT) and dual-treated PDMS (DT). Spectra are presented in terms of Raman
intensity against wavenumber.

In conjunction with performing compositional analyses with spectroscopic
techniques, the EdX technique was employed to analyse changes in surface elemental
distribution between treatments. Principally EdX detects the scattering properties of
electrons from a prepared sample’s surface, which enabled the TM4000, whilst
connected to the Oxford Instruments software, to determine the surface elemental
composition of a sample. Table 4.2 summarises the output of the EdX analysis. It was

found that surfaces exposed to sulfonitric acid exhibited a presence of elemental
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sulphur in the detected compounds. However, due to the singular nature of the
samples collected, this particular dataset should be appreciated as a more qualitative

observation of the elements which were present between the samples.

Elemental Presence /% Atomic
Oxygen  Silicon Sulphur Sodium Calcium Chlorine Gold
Wet 55.993 39.413 0.098 0.675 - 0.310 3.498
chemical 2515 2.026 0.195 0.222 - 0.305 0.436
Plasma 43.153 50.440 - - - - 6.388
treated 1.309 1.633 - - - - 0.345
695 51.705 515 - . - -

Dual treated 46.69 1.70 1.51 0.043

4.641 4764 0.206 . 0.085
Non- treated 48.100 47918 - - - - 3.965
0.719 0.651 - - - - 0.077

Table 4.2: Average EdX values for the detected elements in each sample. Values
expressed as percentage atomic presence with corresponding standard deviation
noted in italics under each value.

The averages acquired in each sample were derived from n = 4 point
acquisitions. Presented here are the elements detected by the system. The most
notable detected elements are oxygen and silicon, present in all samples. Very minor
signatures for other elements, including sulphur, sodium, calcium and chlorine were
detected across the samples, however, signature presence was not homogenous, as
outlined in Table 4.2. Gold was detected in 75% of the samples, however, the
assumption is that the gold detected was a result of the coating sputtering of the

samples before analysis.

To conclude the characterisation of the applied treatment methods to PDMS,
3.3% of PDMS chips were exposed to each of the treatment processes before tension
testing. Customised tension testing adaptors were used to apply tension to the chips
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as if they were in the bioreactor rigs. In (Figure 4.23) itis clear to see that acid oxidation
and plasma treatment singularly increase the stiffness of the PDMS, however the dual

treatment results in a definite decrease in stiffness compared to all other groups.
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Figure 4.24: Tension testing of 3.3% PDMS chips which have been exposed to
the different treatment methods. The annotations a,B,y, denote groupings
determined by one-way ANOVA where these sample groups were found to be
statistically significantly different from each other and the un-noted (acid-oxidized)
group. N = 3 for each group

The symbols denoted in Figure 4.24 represent groups which were statistically
significant from un-like labelled groups, Non-treated (y) was the control, whereas Acid-
oxidized (unlabelled) had the greatest variability. Dual-treated (a) resided in the lowest
percentile as analysed using one-way ANOVA. As determined, the dual treatment
group was the physically weakest group subjected to testing, whilst the acid-oxidized

group was the stiffest group tested.
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4.3.9 Water Contact Angle Test to Predict Cytocompatibility

Water contact angle is commonly used as an assessment of hydrophobicity,
(Visalakshan et al., 2019, Pandey et al., 2019 and Leal et al., 2020) are examples of a
few studies where this tool has been used to assess hydrophobicity. Hydrophobicity is
primarily used as an indicator for the wettability of a material, which itself lends to the
material's utility as a biomaterial for the application of functional coatings and/or protein
coatings. The hydrophobicity of the material directly controls what functional groups
may interact with the surface. The study by (Visalakshan et al.,) into the application of
various coatings to a substrate using plasma polymerisation exploits this effect to
explore immunomodulatory effects by manipulating surface wettability and surface
chemistry (Visalakshan et al., 2019). Figure 4.25 summarises the water contact angle
results for the substrate surfaces to be employed in cell culture during this research.
The two polymer membranes utilised in the laminated block method of wrinkling were
included and were tested as single layer polymer membranes made after solvent
casting. The four PDMS sample types were produced in the “chip” form and tested fully
relaxed. The bilateral contact angle is an average of all frames taken within an
acquisition step across both sides of the analysed water droplet. The angle detected
is the enclosed angle of the water droplet, therefore the smaller the measured mean
bilateral contact angle, the greater the hydrophilicity due to the greater spreading of
the water droplet. Out of all material groups, PCL demonstrated the greatest
hydrophilicity. Between the PDMS groups, interestingly the dual-treated substrate was
deemed most hydrophobic by water contact angle, with acid oxidised PDMS having a
similar result. Plasma treated PDMS had the lowest contact angle but retained the

greatest variance.
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Figure 4.25: Bar chart depicting the water contact angles for the tested materials
in this chapter. PLGA and PCL refer to polymer membrane samples relevant to the
laminated blocks. Non-treated, plasma-treated, wet chemical and dual-treated refer to
treatment protocols applied to PDMS 1mm thick substrates under pre-stretch
conditions. N = 3 whilst a, B, y and & refer to groupings assigned by the Mann-Whitney
U post hoc test of ANOVA, where P > 0.05.

4.3.10 Preliminary Assessment of Dual treatment Wrinkled Topography Using OCE

As part of the characterisation process for determining dual-treated substrate
suitability for limbal biomimicry, the substrates were subjected to a series of preliminary
optical coherence elastography (OCE) assessments utilizing the equipment setup as
described in Chapter 3. At this stage, the characterisation process was split into two
types of assessment, as presented in Figure 4.26. The first was the referenced
assessment wherein the agar reference material was used to more accurately estimate
the regional Youngs modulus within the treated material, which averaged at 97.3+ 47.5
KPa. The second variant relies on the lack of reference material, thus the material “self-
references” enabling qualitative comparative resolution of the outer surface. However,
this has the limitation of being inaccurate for the estimation of Young's modulus as
these values would be based upon less sensitively acquired reference (the PDMS bulk
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from compression testing). This preliminary assessment using OCE served to gain
insight into the bulk and surface mechanical properties of the PDMS using the depth-
resolved characterisation offered by OCE. In the agar referenced sample it is possible
to resolve the bulk elasticity accurately (by having the reference) and see stress
concentrations, the darkest red regions, within the material. It was observed that some
of these concentrations coincided with the surface undulations and it is hypothesised
that these stress concentrations may be a consequence of the wrinkling process. In
the unreferenced samples the samples “self-referenced”, therefore the surface
elasticity was more effectively revealed, albeit in a relative context. This means that,
unlike the agar referenced elastogram, the PDMS only elastogram does not show the
“true elasticity” but the comparative difference in elasticity in reference to the bulk of

the PDMS chip.

Agar
PDMS Reference

Figure 4.26: OCE of 3.33% dual-treated wrinkled PDMS. A) OCE elastogram of
wrinkled PDMS where an agar reference was applied to the surface. B) Structural OCT
cross-section of dual-treated PDMS C) en-face reconstruction of volumetric OCT scan
of dual-treated wrinkled surface (n = 4). D) OCE elastogram of wrinkled PDMS without
agar reference was applied to the surface, showing comparative surface stiffness
resolution (n = 2 for both referenced and unreferenced). Scales on elastograms are
relative to their respective images and represent 1/strain. Scale bars in structural OCT
images = 250um.
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4.4 DISCUSSION

4.4.1 Bioreactor Design

In this chapter, the design and development of a compact bioreactor system
has been explored. The development process featured multiple iterations to produce
the ‘final system’. The criteria for the ideal system were threefold: 1) sterility and

practicality, 2) anatomical biomimicry and 3) surface biocompatibility.

In the context of bioreactor design, criteria 1) was the principle of concern. The
foremost priority was to develop a material manipulation system for each substrate
type which could fit into a conventional culturing vessel. Primarily the reason for this
was to ensure the culturing environment was guaranteed sterile using conventional
culture plasticware (Corning). Following the development of the acid-oxidized and
dual-treated substrates, to replace the less effective laminated block method, a
different mechanism for applying mechanical force was required. The main motivation
for this development was the fact that the topography generation was dependent on
the base substrate being stretched before surface treatment, and the subsequent
formation of the topography upon relaxation of the substrate after treatment. This
condition contrasts with the laminated blocks which form topography only upon
compression, to then return to a flat surface upon relaxation. Another requirement of
this particular frame design was that it had to be durable enough to withstand the
rigours of acid oxidation and oxygen plasma treatment during the material modification
stages of bioreactor preparation. With this considered, 316L stainless steel was opted
for as the preferred material of choice as it displays anti-corrosion properties and is
widely used in industrial applications but also features in biomedical applications due

to this corrosion resistance (Shih et al., 2004). Coupled with this consideration, using
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3161 enhanced the capability of these frames by permitting the autoclaving of the
treated substrates, whilst attached to the frames. Using one-step autoclaving not only
shortened processing time but also conferred a greater degree of biological safety
(when compared to the 3D printed frames) through more effective decontamination of

both the substrates and bioreactor frames before culture.

In this transition of approach with the application of the bioreactor frames from
compression to tension format, the approach used in the production of the material
changed too. In the compression bioreactor approach, using the laminated blocks, two
separate materials were produced: the polymer membranes and the PDMS bulk which
were adhered together using adhesive. This approach did not yield a substrate fit for
prolonged cell culture as visible delamination (membrane detachment from the block)
and the compressed blocks were immersed in aqueous solutions. This delamination
meant the compression bioreactor configuration could not maintain a wrinkled
topography, therefore warranting the change in approach. The tension bioreactor
configuration was subsequently developed, using the stainless steel frames and
specially moulded PDMS chips. The PDMS chips were cast into moulds designed to
fit the arms of the tension frames and 0.5mm thick by 20mm long by 10mm wide with
a central working area of 10x10mm. These chips were used to develop the final dual
treatment substrates through the evaluation and subsequent amalgamation of the
oxygen plasma and acid oxidation PDMS treatment methods. Individually the plasma
treatment and oxygen plasma treatment did not produce topography which was
biologically representative of the LESC niche however, both methods of production
were stable in terms of wrinkle retention and balanced by a middling substrate
preservation during production. However, despite the observed failure of substrates

during production (counted by producing excess substrates per run), these qualities
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were considered especially advantageous when compared to the performance of the
laminated blocks, which presented a near total substrate failure after submersion with
compression and thus could not maintain a wrinkled topography, a feature the newer
generations (plasma and oxygen plasma treatment) of substrate were able to maintain
despite immersion and physical handling. The dual treatment substrates were trialled
to amalgamate the best of the morphological features (improvement of wrinkle
collimation, whilst maintaining biologically relevant dimensions) but preserve the
manufacturing, handling and application perks that the chip-based approach presented
in comparison to the compression-based method. In terms of manufacture all types of
substrates, regardless of compression/tension approach, were produced by hand in
small batches in numbers ranging from n=3 to n=12 maximum (mould, frame and
membrane availability dependent). Whilst suitable for the nature of the preliminary
nature of this project the small scale production of the substrates can be upscaled,
however, this could not be achieved by the practical means described in this project. If
the dual-treated chips were to be scaled up to an industrial/commercial scale of
production then automation, involving mechanical elements to apply defined substrate
tension, acid exposure and quenching steps with online monitoring of bath pH would
be required to ensure precisely repeatable substrates could be produced. In hindsight,
pH could have been tested regularly to ensure the treatment acid was consistently at
the same pH and therefore imparting the same level of oxidation on the substrates.
Additionally, measuring the pH after a treatment and monitoring the pH of the treatment
acid (if there is a change) could be a preliminary indicator of effective treatment of the
substrates, particularly as a quality control measure in the dual treatment process.
Staged treatment processes should be kept in the same production room, ensuring

contaminants are not introduced by transfer and reducing the risk of adverse incidents.
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The system possessing the ability to fit into a 6-well plate was advantageous
for experimental setup, due to the enabling of multi-condition and multi-replicate
experimental arrangements over a minimal footprint (in comparison to larger footprint
bioreactor setups which are commercially available). Examples of such commercially
available systems include the systems offered by the CellScale mechanoculture series
(CellScale, 2023). The 6 well-contained bioreactor frame setup developed in this
research was comparable to the integrated flexible bottomed-plates of the Flexcell
tension system (Flexcell, 2023), though it should be noted that the Flexcell systems
(both tension and compression) when assembled have a larger footprint than an
individual 6-well plate. Therefore the presented bioreactor frame setup is more
advantageous due to increased incubator accessibility, increased device
manoeuvrability and the setup possessing the ability to be viewed on a standard
dissecting microscope to easily view the cells without needing device alterations.
Additionally, the presented substrate system has a considerable advantage over
systems such as the Flexcell, in which the culture substrate itself has the biomimicking
topography which can be directly mechanically altered with a high degree of control.
In contrast, the Flexcell, or similar vacuum-based deformation systems, can only
impart mechanical deformation on a monolayer culture directly or indirectly onto

material radially at best.

In tandem with the spatial footprint, the ability to sterilise/disinfect the bioreactor
frames was paramount for their use in cell culture. Therefore the materials used had
to (as a minimum) resist 70% industrial methylated spirit (IMS) for 40 minutes and then
be cultured in a medium without obvious degradation or corrosion. The compression
frames in the laminated block setup satisfied this requirement for disinfection before

use, due to the use of 3D printed components which could not be autoclaved. When
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the stretched chips were implemented, a full stainless-steel frame was designed and
implemented. 361L stainless steel (and the alternate grade 304 for the bolts due to
material availability) was considered the best compromise for workability and
resistance to chemical corrosion, being utilised in the manufacture of medical implants
(Shih et al, 2004, Brooks et al, 2017). The parts made completely from stainless steel
were able to be autoclaved for a more assured degree of sterility compared to the state

of disinfection realised using 70% IMS.

4.4.2 Material Production

In this chapter multiple substrate preparation methods were described. These
ranged across vastly different methodologies, hence the differences between the
laminated blocks and wrinkled PDMS chips, and the more subtle difference between
the wrinkled chip methods. During the initial material optimisation stages, the selection
of materials/material property analysis was performed to ensure the selected materials
would perform as desired and satisfy the simple wrinkle model as discussed in Chapter
1. The compression testing of a gradient of PDMS which was formulated with different
concentrations of curing agent, ranging from 2.5% to 10%. All of the tested fractions
were able to satisfy the criteria of the simple wrinkling model, considering all
formulations were maintained within the kilopascal range, which is concurrent to the
lower range of measurements acquired for PDMS formulated with a lesser amount of

curing agent (Wang et al., 2014).

It is appreciated that the results for mechanical testing of PDMS acquired in this
chapter are at least an order of magnitude lower than results attained in the wider field
(Wang et al., 2014, Fitzgerald et al., 2019, Helgason et al., 2022). Across these studies,

the range in PDMS stiffness can vary from ~0.1MPa to a maximum of 3.7MPa where
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all observations across the variables within these studies fit within this narrow range.
This deviation from the canonical results may be explained by the age/fatigue of the
Bose Electroforce load cell used at the point of acquisition for this data set in Figure
4.4, which may explain the systematic error present in the data series acquired using
this instrument. In reflection, if the opportunity to repeat the dataset on the Testometric
machine was presented, then an inter-machine comparison could be drawn. However,
despite the order of magnitude difference, the increase of stiffness from 0.239 + 0.051
KPa (2.5% curing agent) through to 3.5 £ 0.6 KPa (10% curing agent) follows the
expected trend. This trend is corroborated in studies that vary the curing agent
concentration and determine the mechanical properties (Wang et al., 2014, Yan et al.,
2022). However, the tension testing performed on PDMS chips subjected to the
different treatment methods used the testometric system with the 3.33% PDMS
formulation. The Young’s moduli output for these tests was within the Kpa ranges for
this formulation, concurrent with other research investigating the mechanical properties
of PDMS (Wang et al., 2014) Tension testing of the fabricated membranes served two
purposes, first and foremost was to assess whether they were mechanically suitable
(by satisfying the requirements of the simple wrinkling model) to generate wrinkles
when laminated to the PDMS blocks. Secondly, the elasticity of the membranes would
serve as a subjective quality control for the membrane fabrication process. If the
membranes were too brittle and could not stand up to a tension test, they may fracture
on compression conversely if they were too elastic, they may not wrinkle correctly.
Fortunately, both membrane types (PLGA and PCL) satisfied both of these criteria,
exhibiting respective Young’s moduli of 195 + 52.4 KPa and 75.6 + 40.0 KPa
respectively, meaning that these films were stiffer than the PDMS bulks intended to be

used for form wrinkled substrates in the laminated block method (maximum measured

214



3.5 + 0.6 Kpa for 10%), therefore satisfying the conditions for the simple wrinkling

model as outlined in section 1.6.5.

However, with consideration of Young’s modulus found for PLGA film, another
study which used the same solvent casting technique, measured the modulus of the
membranes as 3.5 = 0.2 GPa (Shirazi et al., 2014). The tension testing for the polymer
films in this chapter should be appreciated as relative comparisons instead due to the
consistently lower values attained as observed in the PDMS samples. In another study
applying an alternate membrane production method, but a similar tension testing
method, a lower value for Young’s modulus was attained in a range of ~0.2-~0.8GPa
(Abbasnezhad et al., 2021). Though this range of moduli is lower than the Shirazi et
al. study this range highlights the disparity between the range of PLGA membrane
stiffness in literature in comparison to the stiffness determined using the presented
method. Although the PCL value attained in this study was found to be lower, it is within
the same order of magnitude when compared to similar fabrication methods. For the
solvent casting method, this study determined a modulus of 0.2623 GPa for PCL films
(Tiaw et al., 2007). In comparison to PLGA, this stiffness is overall lower if all ranges
are considered, this observation is consistent with the observed lower modulus of PCL
attained in comparison to PLGA using the presented method. The cause for the
observed discrepancies in this membrane dataset is considered idiopathic as the
approach used followed a standard approach to tensile testing and current repeats
were consistent. Importantly, specific tensile strength ranges were not targeted (or
relevant) in this application. The significance was in determining the performance
between the samples tested. Future investigation of these materials and their
characterisation in this application may necessitate greater calibration in the materials

testing.
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The laminated block methodology should be appreciated as a good starting
point in the development of a wrinkled substrate topographical model for generating a
simple biomimetic limbal palisade of a Vogt-like structure. Multiple studies use imaging
techniques including confocal microscopy to evaluate and resolve the shape structure
of the limbal niche (Grieve et al., 2015, Shanmuganathan et al., 2007, Patel et al.,
2006). They demonstrated the undulating structure, thus reinforcing the necessity for
the undulating waveform produced by wrinkled surfaces (Dimmock et al., 2022). In
terms of a reference value for the dimensions of crypt morphology, crypt width ranges
from 35 pm to 120 um have been measured in human tissue (Grieve et al., 2015). For
a depth reference, another study which utilised optical coherence tomography to
depth-resolve tissue found crypt amplitude to approximately ~50 um in depth (Bizheva
etal., 2017). From these reference values, it was possible to compare these references
to the values output by the OCT imaging of the laminated block substrates. The
laminated block average widths of 194.8 + 43.4 um and a height of 39.5 + 5.1 ym for
PLGA laminated blocks and a width of 72.4 £ 22.2 ym and a height of 14.2 £ 2.4 ym
for PCL laminated blocks at 10% applied compression. These values fall slightly
outside of the reference values covered in Chapter 3, with the lateral width being
slightly too large for PLGA laminated blocks, however, the PCL laminated blocks do
fall within the reference range for crypt width. In terms of depth, PLGA laminated blocks
are closest to the desired reference value of 50 um, while, PCL falls very short (Grieve

et al., 2015, Bizheva et al., 2017).

Furthermore, the laminated blocks presented a useful trait where the amount of
compression applied can change the morphology of the wrinkles Uncompressed the
substrates are flat, but under compression, the substrates begin to yield and wrinkle.

As shown in Figure 4.7 the increase in compression, from 10% to 20% original
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substrate width had changed the morphology of the wrinkles subtly, however, these
changes were not statistically significant, as tested using ANOVA. Such compliant
behaviour has important uses as a disease model and would have allowed the
substrate to be employed in a dynamic scenario, with potential for inflammatory/LSCD
modelling, improving upon current static limbal modelling such as the RAFT method
(Levis and Daniels, 2016) and membrane methods (Li et al., 2017, Deshpande et al.,
2013 and Ma et al., 2010). Where these methods presented good biomimicry of the
limbal niche in the static form by forming well-defined crypts for LESC containment
(Levis and Daniels., 2016) and the mimicry of the native matrix surface for limbal
progenitor cultivation and expansion (Deshpande et al., 2013, Liet al., 2017, Ma et al.,

2010).

However, despite the apparent benefits, including ease of material-to-
compression rig assembly, obvious wrinkle generation and wrinkle tuneability, there
were significant practical drawbacks encountered using this methodology. First and
foremost of these drawbacks was the observed delamination of the adhered
membranes from the bulk blocks which presented an insurmountable challenge. The
reason this was such a challenge was the glue used must retain elastomeric flexibility
similar to the bulk PDMS to facilitate wrinkling. Otherwise, the simple wrinkling model
would be violated due to the interstitial interface of a stiffer medium in between the
flexible bulk and the stiff membrane (Li et al., 2012, Cerda and Mahadevan, 2003, Cai
and Fu 2012). Such changes in conditions would unpredictably change the wrinkling
produced due to stress-shielding imparted by the glue (if wrinkling is possible). A
comparison of such mechanical defects can be related to the effects of stress
concentrations of modified material structures as simulated in silico by (Murru and

Rajagopal, 2021) and visualised microscopically in metals with different grain defects
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by (Robertson et al., 1991). Identifying alternative glues to the tried-and-tested silicon
adhesive proved a challenge as many commercially available glues are not compatible
with plastics or adherent to silicone, this is in part due to solvent interaction degrading
the membranes or the inability of the glue to form the necessary chemical bonding
between the two structures to be bonded. Further compounding this point, glues which
had a chance to adhere to PDMS such as cyanoacrylates (and similar compounds)
and epoxies formed very stiff, (if not solid) glue layers, which completely inhibited

wrinkle formation.

The second drawback to the initially designed system design was the question
of sterility. Though the 3D printed parts were a benefit to the project in terms of being
able to rapidly produce custom-formed parts which prevented block slip upon
compression, there were incidences of contamination. Whilst 3D printed culture-ware
features in other sections of this thesis and did not present contamination during
culture, the compression arms (possibly due to their design) may have contributed to
the increased risk due to assemble complexity and the inclusion of small semi-
enclosed ridges increased the risk of contaminant inclusion in the material. The study
by (Popescu et al., 2021) highlights this well, showing decontaminant penetration in
defect spaces, therefore the same risk of penetration can be assumed for biological
contaminants before disinfection protocols. This issue was addressed in the design of
the stretching rigs which were designed out of autoclavable stainless steel. Having

considered these risks it was decided to switch to wrinkling the PDMS itself.

The adoption of the methodologies to wrinkle the PDMS itself took significant
consideration and followed an iterative development pathway. It was already
appreciated that the PDMS could be deformed and wrinkled to produce narrow
wrinkles using oxygen plasma exposure (Glatz and Fery, 2018) and the use of oxygen
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plasma-treated PDMS in direct cellular study (Amerian et al., 2019). However, the
issue with this wrinkling method was the fact that the wrinkles were so small (up to a
maximum of 5.68 um + 3.07 um) that they would not be able to contain a single cell,
though they may be able to facilitate cellular morphological or behavioural alterations.
In this chapter and literature, the plasma-generated wrinkles fall very short of the
desired crypt dimension range (35 pm to 120 um wide by ~50 um deep) as dictated by
(Grieve et al., 2015 and Bizheva et al., 2017) and the measurements made of the

human crypts in chapter 3.

Therefore, the other adopted methodology was considered, the wet chemical
oxidation method. This method operated similarly in principle to the oxygen plasma
method, using stretched substrates and exposing the PDMS substrate to the stiffening
protocol. In this case, the sulphonitric acid was doing the work. This produced wrinkle
patterns which were more in line with the desired dimension. However, the wrinkling
patterns were not stable. These findings were not consistent with the desired results
as observed in the study by Watanabe and Mizukami which demonstrated an ability to
produce intentionally well-ordered linearly aligned wrinkles (Watanabe and Mizukami,
2012). However, in practicality, the generated acid-oxidized (alone) topographies
featured in this chapter, whilst exhibiting a degree of linearity, resemble the randomly
ordered surface topography which appears to be more typically attributed to wet

chemical methods (Watanabe and Hashimoto, 2014 and Yin et al, 2014).

The final optimised methodology settled upon, at the apex of the development
process, was the dual treatment method. This method is an amalgamation of the
previously discussed surface oxidation methods in sequential treatment steps. This
method employed the stainless steel stretching arms in all phases of preparation;
wrinkle formation, sterilisation and cell culture. The stainless steel arms which were
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produced at this stage of development also facilitated further material characterisation.
This is discussed in more detail subsequently. The topography generated by the dual
treatment method was by far the most consistent generated so far in terms of feature
shape and utility; provided the PDMS chips survive the protracted surface preparation
process. The dimensions of which could reach the desired ranges in terms of both
width (45.51 pm — 145.9 pym) and depth (12.46 pm — 49.4 um) across the different
curing agent concentrations (Grieve et al., 2015 and Bizheva et al., 2017). In the
preparation of the substrates for any experiment/observation, an excess of substrates
had to be prepared to account for the material failure by the chips snapping during
treatment and sterilisation. However, it is important to note that after plasma treatment
was completed, the likelihood of chips snapping was minimal and likely due to handling
during (and after) sterilisation in the autoclave. It is also important to acknowledge that
due to the superior ordering of the wrinkled features and handleability of surviving
samples, the dual treatment wrinkled PDMS facilitated the dynamization of the
substrate enabling in situ alteration of topographical features. This alteration of
topographical features, namely the flattening of the features enables this substrate, in
conjunction with the bioreactor frame to be used in LSCD modelling as the in situ “loss”
of wrinkled features imparted by re-stretching matches niche anatomical degradation

observed in LSCD.

4.4.3 Material Characterisation

This section considers the various methods of characterising the materials
used, composition analysis and the subsequent generated wrinkled topographies are
discussed. It is established that each of the different wrinkling methods produces

different wrinkle characteristics. The smallest wrinkles by far were the plasma-treated
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wrinkles whose widths were in the order of 10s of micrometres. This meant that whilst
these surfaces may have cellular effects, including increased cell attachment and
surface-guided cellular alignment, as ascribed to in other studies (Mwale et al, 2006,
Amerian et al., 2019 Gehlen et al., 2019) they do not have the appropriate magnitude
for sole use in limbal cell study. Though it can be said confidently, as established in
atomic force microscopy and scanning electron microscopy, the features formed by
plasma treatment were the most consistent and ordered, a trait not common to the

other PDMS treatment methods.

Moving up to the next scale of magnitude, the dual treatment and the acid-
oxidized surfaces were comparable, aside from the apparent differences in surface
feature consistency and order. The wet chemical-treated surfaces were the most
random ordered, complementary to the observations in other acid oxidation studies
(Watanabe and Hashimoto, 2014 Yin et al, 2014). Due to the observable highly variable
nature of the produced features by the wet chemical method, it was determined that
further optimisation of the exposure method was required. This manifested in two major
improvements to transition towards a more standardised process. The first was the
development of a chip and mould regimen, PDMS substrates were cast in moulds as
visualised in Figure 4.2 and pre-strained using the stretching frames as shown. The
second optimisation was the manner of exposure, the chips were fully immersed in the
sulfonitric acid (allowing full material surface coverage), followed by a neutralisation
step (included for safety) then quenched in a large water bath. The outcome of these
process optimisations was a distinct overall visual improvement in feature
homogeneity. Whilst it can be confidently said that the homogeneity occurred, there
was still a heavy presence of bifurcating wrinkles and there was directional

randomness manifesting in lateral intersecting wrinkles. However, there is no
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retrievable application or usage of a dual treatment using wet chemical and oxygen

plasma treatment of PDMS in the literature.

Though the testing and analysis are in the preliminary stage for wrinkled PDMS
material, the OCE revealed there was some detectable regional difference in stiffness
between the surface and the bulk in non-referenced captures. This was not observed
when the agar reference was applied to the surface, which yielded a more
homogenous result for the distribution of stiffnesses but was able to yield an accurate
average modulus for the tested material for this set: 97.3+ 47.5 Kpa, which is close to
the attained value for the testing of the untreated PDMS chips for the same PDMS
composition, as determined in Figure 4.23 using the Testometric machine. Therefore
there is promise in this technique for detailed structural and mechanical material

analysis with future calibration/acquisition optimisation work.

As a pre-assessment of cytocompatibility, the water contact angle of the
materials employed was tested. The hydrophilicity of a material is a general indication
of how well cells may adhere to a particular surface, the greater the hydrophilicity, the
lesser the repulsion of aqueous substances. In general terms, this effect may result in
a greater adhesion of cells to the surface of interest (Ferrari et al., 2019). Both polymer
membranes had a lesser water contact angle compared to all of the PDMS samples,
meaning that both PLGA and PCL are more hydrophilic than the PDMS. PCL has the
greatest affinity to water, which concurs with the current understanding of the
hydrostatic properties of these materials (Gdmdisderelioglu et al., 2011, Kaga et al.,
2021, Feng et al., 2008). The water contact angle test also confirms that oxidative
reaction has taken place, as changes to the water contact angle are in positive
correlation with observations in other studies (Lawton et al., 2005, Kim et al., 2004).
Interestingly, among the PDMS treatment group, the plasma treatment affected the
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greatest reduction in the water contact angle (with the greatest) variability whilst the
acid oxidation and dual treatment effect had similar results. It is proposed that the
larger topographies in the acid-oxidized and the dual-treated groups interfere with

droplet spreading, truncating the water contact angle result.

To determine the composition of the surface of the materials tested, (particularly
the treatments applied to PDMS), surface chemical analysis methods were employed
to characterise the surface chemistry of each sample. The first objective of this
approach was to observe chemical alterations between each treatment type.
Subsequently, to infer whether these bond alterations (detectable by Raman
spectroscopy) and elemental alterations detectable by SEM EdX (scanning electron
microscopy -dispersive x-ray spectroscopy) could be attributed to the observed surface
properties. For bond compositional change Raman spectroscopy was used, where
significant peaks (which presented high intensity/cps) were observed in all groups at
~1400, ~1250, ~860, ~ 780, ~620 and ~490cm with double peaks at ~2960-2910,
~150-200 and ~670-720 cm™. These spectra are comparable to existing profiles of
untreated PDMS, the bonding profile shows predominantly -CH2/-CHs with silicon
bonding at ~1250 and ~1400 (Yadhuraj et al., 2018, Bokobza et al., 2015). It is
observed that the dual-treated substrates exhibited a greater averaged intensity across
the entire profile compared to all other groups, however no changes in bond
composition were detected. It is proposed that the dual effects of acid oxidation and
thin oxidized layer formation in oxygen plasma treatment confer a unique optical
property which has resulted in a more intense overall Raman spectrum for the dual-
treated group. In EdX analysis, the unit % elemental presence atomic is used (as
defined in the Oxford Instruments software), this is a measure is the ratio of elemental

atomic species detected within a spectral analysis point. It was found that there were
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compositional changes detected across the PDMS chip treatments. In acid-oxidized
and dual-treated PDMS, there was an increase in elemental sulphur found, with
elemental atomic presences of 0.098% and 1.515% respectively. Whilst present in very
low amounts, it could be inferred that there was a degree of immobilisation of sulphuric
acidic species into the material surface. Interestingly the % elemental presence atomic
for oxygen (the potential metric for degree of oxidation) (as defined in the Oxford
Instruments software), measure is the ratio of elemental atomic species detected within
a spectral analysis point varied between treatment processes. The greatest amount of
oxidation was found in the wet chemical sample (55.993%) compared to the lowest
which was the plasma-treated surface (43.153%). Dual treatment was determined to
be in between these values (46.695%) but still lower than the control (untreated
PDMS). These findings for the composition of the oxidised PDMS in comparison to
untreated PDMS currently conflict with existing studies (Sola et al., 2018, Adly et al.,
2017) but should be appreciated as preliminary findings and require further
investigation. There was an expectation that the treatments singularly each should
have increased oxygen presence. In line with this assumption, it was hypothesised that
the dual treatment, being a dual treatment approach, should have increased the %
elemental presence of atomic oxygen substantially. It should be noted that these EdX
are averaged measurements taken from singular samples so future work could
incorporate a greater range to assess whether oxidation of the PDMS surface is

accurately quantifiable with available equipment.

4.5. CONCLUSION

In this chapter, the generation of multiple wrinkled surfaces using a variety of
mechanisms has been explored. Following further investigation into the novel chip-
based methods, it was validated that the wrinkling phenomenon was able to be
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exploited to generate a topography which was relevant to limbal niche study. Here the
material properties of the substrates have been scrutinized mechanically and
chemically for their biological relevance in the biomimicry of the limbal epithelial stem
cell niche. The characterisation of the PDMS showed that there were discernible
changes to the surface of the PDMS imparted by the treatment methods. The water
contact angle showed an increase in hydrophobicity, whilst tension testing showed
changes to overall chip stiffness. Spectroscopic analysis using Raman and EdX
yielded preliminary results that show, in particular, dual treatment was able to affect
the surface composition of the PDMS with a largely increased peak around the
~490cm™ region (Si-O-Si stretch) indicating increased oxidation. EdX showed
interestingly the presence of immobilised elemental sulphur in substrates wrinkled
using acid (acid-oxidised and dual-treated). From these analyses, it can be determined
that the “chip and stretching frame-based bioreactor system” coupled with PDMS
undergoing the dual treatment protocol exhibited the most favourable properties for a
limbal-biomimetic culturing system. This was determined through the dual treatment
giving wrinkle width ranges of (45.51 um — 145.9 um) and depth ranges of (12.46 um
— 49.4 pm). These crypts were shown by OCT to have reversible qualities,
demonstrating the capacity to be flattened and re-present wrinkles using the bioreactor

system designed specifically for this application.
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Chapter 5: Characterisation of the Cellular
Response to Wrinkled Topography

Content from this chapter features in the publication: ” Fabrication and
Characterisation of Hydrogels with Reversible Wrinkled Surfaces for Limbal Study

and Reconstruction” (Dimmock et al., 2023)
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5.1. INTRODUCTION

The limbus is a unique anatomical structure located circumferentially around the
central cornea. This feature is presented as a wide epithelial crypt that encircles the
cornea. As described and structurally characterized in Chapter 3, this region comprises
the structurally unique undulations known as the palisades of Vogt (POV). At the
troughs of the POV reside the epithelial rete pegs (ERP) and at the crest, the palisade
ridges (PR). This chapter focuses on determining the response of primary isolated
limbal epithelial stem cells (LESCs), which are known to reside in the ERP (basal of
the POV structure), with exposure to the wrinkled substrate system (Schlotzer-
Schrehardt and Kruse 2005, Vermunganti et al., 2009). The LESC cells expand out of
this niche to regenerate the cornea, first explained through the long-standing XYZ
hypothesis (Thoft and Friend., 1983), then demonstrated practically using lineage

tracking methods (Meller et al., 2002; Song et al., 2005, Sartaj et al., 2017).

LESC cell isolation and maintenance in culture face a set of specific challenges
which is inherent to the cultivation of primary epithelial cells. First and foremost, these
cell types require rigorous enzymatic extraction (Gonzalez et al., 2013, Colanesi et al.,
2015). It is appreciated that a coupled enzyme digestion approach would be required
to optimally break down the collagen-rich matrix and facilitate single-cell isolation,
enabling monolayer expansion (Polisetti et al., 2020). Secondly, the cells demonstrate
a tendency to lose their stemness in culture over time, despite the strategy employed
to maintain the stem cell phenotype. Through assessment of markers such as the ATP-
binding cassette transporter G2 (ABCG2) (a marker for LESC stemness) it was
determined that even in optimised cell extraction, the extracted cells eventually
committed into an epithelial phenotype (Colanesi et al., 2015). Other strategies include
the optimisation of surface coatings, such as using amniotic membranes and amnion
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preparations, where stemness was assessed by monitoring the positive stem cell

markers p63a and ANp63 (Karami et al., 2021, Bisevac et al., 2023)

5.2 MATERIALS AND METHODS

5.2.1 Limbal Cell Isolation, Expansion and Cell Culture

5.2.1.1 Limbal Cell Isolation

Before sterilisation, the tissue was dissected into quarters to isolate the limbal
POV regions of interest for cellular isolation. In the human tissue, this was done by
identifying the POV using polarised microscopy (ref. Chapter 3) and sectioning with a
scalpel, in porcine tissue this was undertaken using the Thorlabs OCT equipment (ref.

2.2.1.3).

Porcine tissue was subjected to a triple stepwise antibiotic sanitization using
125 pg/ml Amphotericin B (Gibco), 500 pg/ml Gentamicin (Gibco) and 500 units/ml
(5%) Penicillin Streptomycin (Lonza) for 1 min per wash, interspersed with PBS
washes each in a clean well to remove the antibiotic. Human tissue did not require
sterilisation as the tissue was subjected to serology testing at the tissue bank before

delivery.

For porcine tissue, The eyes were obtained as whole globes from the abattoir
(Staffordshire Meat Packers) within a maximum of 48 hours of slaughter. The eyes
were transported in a high-antibiotic medium to pre-sanitise the eyes, (high glucose
DMEM (Gibco)) containing 1000 units/ml penicillin/streptomycin (Lonza). The globes
were transferred to a biological safety cabinet for dissection. All loose tissue was
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initially removed, followed by the isolation of the corneoscleral buttonThe isolated
button was debrided of the dark tissue and the lens was removed followed by thorough
washing with sterile PBS. Subsequently, the buttons were transferred into the
dedicated OCT vessel for LESC niche identification. Once the regions containing the
limbal POV were identified the tissue was cut into quarters using a scalpel, and the

pieces containing the LESC niches were retained to be sanitized with antibiotics.

Following quartering and sanitization (if necessary), the tissue was subjected to
a 2-step enzyme-based cellular isolation process. The first step employed Dispase I
(Sigma, UK) at 1.2 IU/ml, incubated at 37 °C for 2h, to loosen the limbal epithelial tissue
to ease debridement. The debrided epithelium was then incubated in 1 mg/mi
Collagenase A in a complete culture medium at 37 °C for 14-18h, with microscopic
observation in the final 4h to ensure optimal cellular isolation. At this stage, the
cellular/enzyme suspension was diluted 1:5 and centrifuged at 250 g for 5 min, and
then the supernatant was completely removed to extract the enzyme. The cells were

transferred to a 6-well plate for passage 0 outgrowth.

Once the cells were established to be growing by microscopy or using live cell
imaging (sections 2.2.6.1 and 2.2.6.3) and nearing confluency the wells were
trypsinized to passage 1 for routine sub-cultivation in 1X trypsin (Gibco) for 3 -6 min,
at 37 °C with the application of a cell scraper used for colonies (typically for porcine
isolates). Trypsinization was quenched using an equal volume culture medium. The
passage 1 cells were centrifuged at 250 g for 5 min, the supernatant removed,
resuspended in 1 ml, and then transferred into a T25 flask after counting. In single cell
type culture, limbal cells were typically seeded at a density of 8K cells/cm2 and

passaged every 6-8 days. For immunophenotyping in well plates, cells were passaged
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and seeded at 30 K cells/cm2, with density adjusted for each well size, for both human

and porcine cells.

For cell expansion, cells were cultured in DMEM/F12 (Gibco, UK) containing
10% foetal bovine serum (Corning, UK), 1 pl/ml of 100x insulin transferrin selenium
solution (Gibco, UK), 100 U/ml penicillin/streptomycin (Lonza, UK), (2 mM L-glutamine
(Gibco, UK), 2.43 pug/ml adenine (Sigma, UK), 0.4 pg/ml hydrocortisone (Sigma, UK)
and isoproterenol 1 pg/ml (Sigma, UK). For the in-house versus commercial medium
comparison, the extracted cells were cultivated in CNT-Prime Epithelial Proliferation

Medium (CellnTec, Switzerland).

5.2.1.2 Co-Culture with 3T3-J2 Mouse Fibroblast

Extracted limbal cells were co-cultured with the 3T3-J2 mouse fibroblast
cell line in the endeavour to preserve stemness and provide a native-like environment
in vitro using 3T3-J2 acquired as a frozen cell line (AddexBio, USA). “Active 3T3”
cultures were passaged by trypsinization with 0.5x trypsin for 3 minutes at 37 °C with
10x repeated rinsing of the flask culture surface to dislodge the cells. Full cellular
dislodging was verified microscopically, quenched with equal volume culture medium
and centrifuged at 1200 rpm. Cells were re-seeded at a ratio of 1:6 in the T75 flask for
banking and preparation for inactivation. Once cells reached 70-90% confluency in
selected flasks they were inactivated to prevent proliferation using mitomycin-C
(Sigma, UK), in a working concentration of 10 pg/ml in a culture medium. 10ml of the
inactivation medium was applied to each designated “inactivated” flask for 2 hours.
After the inactivation period, the cells were washed 3 times with PBS and then
trypsinized as per regular passage. Cells were counted and seeded in the destination

vessel at 2x10* 3T3 cells/cm?. If not immediately used at the point of inactivation, cells
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were cryopreserved in 10% DMSO/culture medium and placed into -80°C storage
(before being transferred to liquid nitrogen for long-term storage). Inactivation of 3T3
cells was performed 24h before limbal cells were seeded, the inactivated 3T3
monolayer was visually inspected to ensure no further expansion of the 3T3 monolayer
has been observed. Limbal cells were typically seeded onto the at 4x10° limbal
cells/cm? in co-culture at a ratio of 2:1 limbal cells to feeder cells and passaged every
6-8 days. The 3T3-J2 cells were cultivated in high glucose DMEM (Gibco) containing

10% calf serum (ATCC, UK), 100 U/ml penicillin-streptomycin and 2mM L-glutamine.

5.2.1.3 Limbal Cell Culture with Wrinkled Substrates.

This chapter describes the two ways the dual treatment wrinkled substrates
were used in culture, the static method and the dynamic method (see Figure 5.1). The
static method was a pure contact-guidance method whereby the cells were seeded on
a pre-wrinkled topography compared to the dynamic method where the cells were
seeded on a flat surface (overnight for porcine droplet culture and 3 days for human
immersion culture) and then the wrinkles were introduced. Subsequently, the wrinkles
were altered in situ to be flattened. These changes in the topography state, while the
cells were attached were a source of mechanical stimulus. Cells were seeded on the
substrates at numbers between 20-60K cells/substrate, equivalent to 15-30 K
cells/cm?. When investigated, the acid-oxidized treatment followed the static method

only due to the inability of the surface to facilitate a returnable surface.
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Figure 5.1: Schematic comparison of the static and dynamic wrinkled
substrate culture processes. This diagram compares the culturing processes
between static and dynamic wrinkled substrate cultures.

In all cultures, the PDMS was sterilized by autoclave, and dual treatment
substrates at this stage were maintained on their stretching frames to facilitate coating
before wrinkling/cell seeding. In static culture, cells were typically seeded at 30 K/cm2.

For dynamic culture, the droplets were seeded at 100 K/25 pl droplet for 1-5h

5.2.1.4 Culture of Rat Cardiomyoblasts

Rat cardiomyoblasts were kindly donated from the Dr George research group
within the Guy Hilton Research Centre at Keele University. For expansion, the cells

were primarily cultivated in uncoated T25 flasks. The basal medium used was DMEM
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(Gibco, USA) supplemented with 10% foetal bovine serum (Corning, UK), 100 U/ml
penicillin/streptomycin (Lonza, UK), 20 mM L-glutamine (Gibco, UK) and 2% B27
supplement (Thermofisher Scientific, UK). The cells were passaged at 60-90%
confluence by trypsinization in 1% trypsin for 3 minutes at 37 °C with agitation of the
flask after the incubation, the digest was quenched with an equal volume of FBS-
supplemented medium before centrifugation at 1200 rpm for 3 minutes. The flasks
were seeded at 250K cells/flask after passage. The cultures were passaged every 4-6
days. Rat cardiomyoblasts were typically seeded onto substrates at 20K cells/cm2 and
substrates were coated with vitronectin (Sigma) made up to 1:5000 dilution in PBS and

incubated overnight before culture.

5.2.1.5 Cultivation of HEK-293 cells

Human embryonic kidney—293 (HEK-293) cells were kindly donated from the Dr
George research group within the Guy Hilton Research Centre at Keele University. For
expansion, the cells were cultivated in standard T25 and T75 flasks depending on the
required cell number. The basal medium used was DMEM (Gibco, USA) containing:
10% foetal bovine serum (Corning, UK), 100 U/ml penicillin/streptomycin (Lonza, UK),
20mM L-glutamine (Gibco, UK) and 2% B27 supplement (Thermofisher Scientific, UK).
The cells were passaged at 60-90% confluence by trypsinization in 1% trypsin for 3
minutes at 37 °C with agitation of the flask after the incubation, the digest was
guenched with an equal volume medium before centrifugation at 1200 rpm for 3

minutes. The flasks were seeded at 250K cells/flask after passage.
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5.2.2 Coatings for surface functionalisation

5.2.2.1 Collagen coating for cell expansion

Rat-tail collagen (low concentration-3-4 mg/ml (Corning, USA)) was diluted in
PBS to a working concentration of 20 yg/ml. 5 ml of this solution was transferred to
each T25 flask, resulting in a coating of 4 ug/cm? collagen coating. The flasks with the
coating solution were incubated for 45 minutes at 37 °C before being used in culture
on the same day. Alternatively, the flask caps were sealed with parafilm and they were

incubated in the fridge at 4°C for a maximum of 48h before use in culture.

5.2.2.2 Polydopamine and Polydopamine + collagen coating

Tris-HCI buffer (acquired from in-house stocks) and polydopamine were
dissolved into the buffer solution at a concentration of 0.05% w/v. The reaction began
instantly, therefore after mixing the polydopamine Tris-HCI solution was immediately
transferred to the wells containing the substrates, visible discolouration was visible as
the reaction occurred. The well plate was transferred to an orbital shaker for incubation
at room temperature with gentle agitation overnight. For additional coating of collagen,
the same protocol was applied for same-day collagen application as prescribed in
section 5.2.2.1.
5.2.2.3 Gelatin Methacrylate Production and Coating

Gelatin methacrylate was produced by the careful reaction of 250 bloom Gelatin
dissolved in PBS with methacrylic anhydride in a fume hood whilst being stirred at 60°C
with the pH being continuously checked (maintained at 8-8.5) to prevent methacrylate
degradation. After all the reagents were added and mixed for 1h, the resultant mixture

was allowed to cool to room temperature before being dialysed in distilled water for up
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to 72h. After dialysis, the resultant product was freeze-dried into a solid, initially frozen
at -80°C, then transferred to a freeze-dryer for up to 48h (Martin Christ, Germany).
Solid GelMa was reconstituted in PBS at a concentration of 10% w/v and mixed with
the photoinitiator Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) at a
concentration of 0.25% w/v. To coat, the master mix was syringe filtered into a sterile
container followed with the appropriate amount of PBS to create a stock of the required
coating solution of the correct coating percentage (typically 2ml total coating mixture
at 15% GelMa concentration), this was vortex mixed to ensure an equal mixture. With
autoclaved sterile substrates remaining on the stretching frame 25 pl was applied to
each substrate and then evenly spread around the working surface area (the centra 1
cm? square) using a cell scraper as a sterile spreader. The substrates were then
exposed to 405 nm UV light in a shielded hood for 15 minutes before being used in

culture.

5.2.3 Tissue Assessment using Optical Coherence Tomography (OCT)

Unlike the human tissue, the porcine tissue presented a unique challenge, the
limbal POV structures were difficult to resolve using polarised light microscopy after
dissection. A commercial spectral radar OCT machine (ThorLabs, UK) fitted with the
LSMO3 lens (ThorLabs), with a lateral resolution of 13 um, an imaging window of 10x10
mm and a working substance penetration of ~1 mm was used to achieve the desired
resolution. This device was employed to screen the tissue before the tissue was
guartered for enzyme digestion. Cross-sectional B-scans were used to find the
undulations of the POV, then the limbal niche regions were demarcated as stipulated

in section 5.2.2.1.
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5.2.4 Immunofluorescence and Fluorescent Imaging

Cellular features, such as phenotypic assessment of stemness/epithelial
commitment or suspected epithelial-to-mesenchymal transition (EMT) were assessed
using immunofluorescent and fluorescent imaging techniques. Included within these

techniques are 2D and 3D modalities of fluorescent imaging.

5.2.3.1 Immunofluorescent staining (primary + secondary)

Before staining, cultures were fixed in 4% paraformaldehyde (Sigma, UK) in
PBS at room temperature in a fume hood for 20 min for monolayer culture or 45 min
for wrinkled substrate culture. All fixed cultures, substrates, and vessels were washed
twice with PBS to remove traces of PFA after fixation. It should be noted that wash
steps in staining differed between standard monolayer culture and substrate culture.
In monolayer culture all PBS washes were performed once, however, in wrinkled
substrate culture, a gentler single PBS soak was employed ( to ensure a maximum of
cells/clusters were preserved and retained). Cells were permeabilized in a solution of
0.3% Triton-X (Sigma, UK) with 5% bovine serum albumin (BSA) (Sigma, UK) or 5%
human serum (Lonza, UK) for 10 min in monolayer or 15 min on wrinkled substrates.
The permeablisation solution was washed off with PBS. The primary antibody was
mixed at a working concentration of 1:100 in 1% BSA/human serum PBS for mouse
monoclonal anti-Cytokeratin 3, rabbit monoclonal anti-P63, rabbit monoclonal anti-

ABCG2 and rabbit monoclonal Alexa Fluor 488 conjugated anti-K12 (Abcam, UK).

The rat monoclonal anti-vimentin primary antibody (R&D biosystems, UK) was
mixed to a working concentration of 8 pg/ml in 1% BSA/human serum PBS. The

primary antibodies were incubated at 4°C in the dark overnight and subsequently
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washed off with PBS. The secondary antibodies were applied immediately after

washing.

Donkey anti-mouse conjugated with NL493 and donkey anti-rabbit conjugated
with NL637 antibodies were mixed in 1% BSA/human serum PBS to the same dilution
ratio in correspondence to their related primary antibody. Secondary antibodies were
incubated for 2 hours at room temperature in the dark before being washed in PBS.
Cells were counterstained with the nuclear stain 4',6-diamidino-2-phenylindole (DAPI)
(Thermofisher Scientific, UK) at the working concentration of 1 pg/ml in PBS and
incubated in a monolayer in the dark at room temperature for 10 minutes or 15 for
substrates. The DAPI dye is subsequently washed off with PBS. Stained

monolayers/substrates were maintained in the dark in PBS after staining.

Phycoethryin (PE) conjugated antibodies were also employed for
immunophenotyping isolated limbal cells. These directly conjugated antibodies were
employed in a single-step method. Mouse anti-hNestin, rat anti-hVimentin, and mouse
anti-hABCG2 (R&D Biosystems, UK) were applied to monolayer cultures at the same
concentration as the 2-step counterparts (1:100) and incubated at 4°C in the dark
overnight. The PE-conjugated antibodies were washed off twice with PBS and the

stained wells were maintained in the dark in PBS.

5.2.3.2 Cytoskeleton Staining

The cytoskeleton was stained using a phallotoxin conjugated with Texas red;
phalloidin Texas red (Thermofisher Scientific, UK). This dye permanently binds to the
F-actin component of the cytoskeleton, thus is useful for cell morphological

assessment. Due to incompatibility with methanol-containing fixatives, it was
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preferable to fix the cells with a commercial fixative such as 10% formalin (Sigma, UK)
which did not list methanol in the ingredients, following the same fixation procedure as
outlined in 5.2.4.1. The cells were permeable as per the procedure outlined in 5.2.4.1.
The Phalloidin powder was first solubilised in 300 ul DMSO to a stock concentration of
33 mM phalloidin in DMSO, this was aliquotted as 5 pl stock in 495 ml PBS resulting
in a final working concentration of 0.55 mM. This working stain was applied on the
permeablised cells and incubated at room temperature, in the dark, for 45 minutes.
After incubation, the cells were washed with PBS and counterstained with DAPI as
stated in section 5.2.4.1. The stained cells/substrates were maintained in the dark in

PBS.

5.2.5 Live Cell Imaging

5.2.5.1 Automated Live Cell Imaging Using the CellCyte

Automated live cell imaging was performed using the CellCyte live cell imaging
system. There were two types of analyses performed on the imaging platform; basic
confluence which used enhanced contrast (Bright-field only) and the counted analysis

which required live fluorescent tracking.

For the enhanced contrast analyses, the cells were seeded as required, either
as a monolayer in the well plate or on the substrates. The well plate was seated on the
CellCyte machine and the acquisition parameters for the experimental duration were
set up in the software. Each experimental acquisition exceeded no longer than the
average time taken for cells to reach confluency (6-8 days). Enhanced contrast is an

automatically adjusting feature within the software, thus adjustment was not
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necessary, exposure frequency and images per well varied with well plate sizes,

machine availability, and experimental constraints.

For the cell counting analysis, the cells were stained using a live cell tracking
dye during the passage. After centrifugation and counting, the cells were resuspended
in 1 ml medium with 2 pl of CellTracker green CMFDA dye (Thermofisher Scientific,
UK) and incubated at 37 °C for 30 min. After incubation the cells were centrifuged, the
dye-laden supernatant removed and the cells resuspended in the requisite culture
medium volume. After staining, the cells were seeded and the CellCyte was set up
similarly to the enhanced contrast program, except for the selection and adjusting of

the green channel.

5.2.5.2 Manual Live Cell Imaging

Cells were passaged from the monolayer following section 5.2.1.1, after
centrifugation, whilst the cells were retained in the pellet, the pellet was resuspended
in 1-2 ml of medium (dependent on cell number/dispersion requirements) containing
2-4 pl of the CellTracker Green CMFDA (Thermofisher Scientific, UK). The suspension
was incubated in the dark for 30 minutes before further centrifugation and suspension
to the correct seeding volume. The substrates/wells were then seeded as required and
tracked. Manual tracking was typically performed when wrinkled substrates were
employed due to the difficulty of visualisation through the material, thus the fluorescent
dissecting microscope (Leica MZ10F) was used to capture the green fluorescent

images.
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5.2.6 Image Analysis

5.2.6.1 Image-Based Counting and Morphology Analysis

ImageJ was used to count multi-channel fluorescent images and assess
morphological changes imparted by condition changes. The first method of
assessment relied on splitting the image into separate channels. The DAPI (nuclear)
channel was thresholded and converted into a binary image. This binary image was
subjected to a particle count within the area range of 100-1100 um?, the number of
particles constitutes a cell count for a given area. For morphology analysis, the channel
which provides a morphology-conforming stain (eg. vimentin or ABCG2) was
employed. This was smoothed to remove erroneous particles and gapped edges,
providing a truer edge upon binary thresholding. These images were thresholded and
converted into binary images. As per the cell count, these images were run through
the particle count with the area parameters of 100-infinity um?2. The circularity metric
was used as the output to determine morphological change/response to conditional

change.

5.2.6.2 Assessment of Alignment

ImageJ was also employed to produce a graphical-format comparative
assessment of alignment as a measure of contact guidance of cells on the wrinkled
substrates. The cells were imaged using fluorescent modalities either as with live cell
imaging or end-point staining. These images were then converted into greyscale
images and the contrast was optimised for automated feature detection. These images

were then manually stacked to facilitate the correct comparisons to be plotted on the
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generated histograms. The directionality plugin for FIJI (Imaged 2) was employed,

using the Fourier components parameters.

5.2.7 3D Printing

5.2.7.1 CAD Design

Fusion 360 (Autodesk, USA) was used to design and export the 3D models for
the cylindrical retainer rings (with a basal 0.5 mm x 11 mm cutout for chip seating) used
in static culture. The retainer rings were vertically sized (22 mm) for 12 and 24 well
plates. The substrates fit in a 12-well plate without the need for trimming and the dual
treatment substrates fit into a 24-well plate when the 1cm? centre working portion is cut

away from the rest of the chip.

5.2.7.2 3D Printing of cultureware

The STLs were sliced into the .x3g format for printing using the
Flashforge FlashPrint 5 (Flashforge, China) printing using the fast settings. The print
parameters were automatically set to as per table 2.2. The printing was performed
using the Flashforge Creator Pro extrusion printer in polylactic acid (PLA). For culture,
the retainer rings were sanitised in 70% ethanol or industrial methylated spirits for 40

minutes and dried in the biological safety cabinet immediately before use.
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5.3 RESULTS

5.3.1 Isolation and Cultivation of Human Limbal Cells

5.3.1.1 Immunofluorescent Staining of Human Corneolimbal Tissue

To validate the presence of the markers, in both the limbus and the epithelium,
the section of human tissue was dissected into stainable sections. A staining and
imaging mount 3D printed for this special purpose, and the corneal section (sectioned
tangentially), and the limbal POV region (also tangentially sectioned) were stained with
the key markers referenced in this Chapter. Figure 5.2 shows the immunofluorescent
stained tissue slices. Principally, the stem cell markers P93 and ABCG2, the epithelial
markers K12 and CK3, the mesenchymal marker Vimentin, and the
neuronal/ectodermal marker Nestin were used in this validation. Wet sectioning and
staining without fixation and embedding were used to combat the structural
degradation observed in Chapter 3 histology and provide a preliminary assessment of
this technique of antigen-based assessment of fresh tissue however, due to the low
yield of slices due to the thickness, secondary-only controls were sacrificed to enable
all markers to be tested. Heavier P63 expression was observed in the limbal region
compared to the corneal, with a wider dispersion, whilst ABCG2 maintains a higher
spread between both regions, but shows a decrease in the cornea. Vimentin appears
to demonstrate heavy localisation in the limbal region but is much scarcer in the
cornea. Nestin is more ubiquitously found throughout the corneoscleral structure, with
a higher concentration in the epithelial surface. The same is true of K12, but CK3 is
more present in the limbal region but does not appear to show clear corneal epithelial

commitment.
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Limbus Cornea

ABCG2/CK3 P63/K12
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Figure 5.2: Immunofluorescent staining of corneolimbal tissue as marker
validation. Tissue sections were cut and stained as wet sections, orientated with the
outer epithelial surface always towards the top of each image, the left shows the
staining of the indicated markers in the limbal section, right for the corneal section.
K12, CK3, Vimentin and Nestin are represented as green fluorescence, whilst P63 and
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ABCG2 are Red. In all images, nuclei are counterstained with DAPI (blue) and all scale
bars represent 100um, N=1 for each.

5.3.1.2 Isolation of Human Limbal Cells into Monolayer Culture

The marker validation revealed the presence of the key markers in the tissue,
thus showing these tissues were relevant to performing cell extractions. Despite
showing an (expected) decrease in stem cell presence in the limbal region by this
observation, it was still worthwhile to retrieve and expand these cells using a selective
isolation and expansion method. The principle method for performing selective
isolation was using a 2 step enzymatic digestion. Dispase first loosened the epithelial
layers from the rest of the tissue, ensuring isolation of the epithelial and the niche layers
during final debridement, thus preventing deeper stromal cells from “contaminating”
and overtaking the isolated cultures. Secondly, the collagenase digest broke down the
remainder of the tissue matrix to isolate these debrided epithelial sheet fragments into
cellular bundles and single cells which were able to finally expand into monolayers as

demonstrated in Figure 5.3.
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Figure 5.3: Bright-field micrographs showing the growth of human limbal
cells post-isolation in a 6 well plate. The time points are as denoted, showing
progression in monolayer expansion out of the second enzyme digest N=3 wells. Scale
bars represent 100 pm.

5.3.1.3 Characterisation and Optimisation of Isolated Human Limbal Cell Culture

Following the successful isolation and expansion of human limbal cells in
monolayer, it was determined that the ideal growth condition of the limbal cells needed
to be established. There were three options for media in terms of optimizing the growth
environment, they were as follows; the “simple” (DMEM F12 with 10% FBS, 1%
Penicillin/Streptomycin and 20mM L-glutamine) which also performs as the control, the

commercial option (and the most expensive) was the CNT-Prime an advertised
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epithelial expansion medium with reported ocular applications. Finally, the Stem
formulation, a composition formulated for this work based on literature is considered
the “best of both worlds”. This formulation was; 100 U/ml penicillin/streptomycin
(Lonza, UK), 20mM L-Glutamine (Gibco, UK), 0.1X insulin transferrin selenium (ITS)
supplement (Gibco, UK), 1 ug/ml isoproterenol (Merck, UK), 0.4 pg/ml hydrocortisone
(Merck, UK) and 2.43 pg/ml adenine (Merck, UK) in DMEM-F12 (Gibco, UK),

supplemented with 10% foetal bovine serum (FBS).

This assessment was performed by immunostaining isolated cells, cultured in
monolayer in each of these medium types, then assessing cell number at the point of
fixation as a metric of rate of expansion in each medium. From the immunostaining, it
can be seen the ABCG2 and P63 positivity is maintained across all medium types
showing a preservation of stem cell phenotypes. CK3 had the lowest level expression
of all the markers and was observed at this low level across all three media groups.
K12 has low level expression in all media types indicating some low weak corneal
epithelial phenotype presentation. The presentation of strong vimentin expression
indicates a mesenchymal transition, it is proposed the length of time the tissue was in
storage before the cells were isolated contributed to this transition and presentation of
non-LESC phenotype. The circularity of the cells was also measured after creating
binary images of the cytoskeletal marker images (Vimentin, CK3 and ABCG2 for each
medium condition displayed), after binary image creation all markers filled the cell
membrane boundary, thus could be used synergistically to determine circularity. The
closer to 5 or 6 they were the better (indicative of a more rounded-like shape, with a
morphology closer towards the canonical ideal LESC shape). Closer to 0.1 indicates a
more fibroblastic/mesenchyme morphotype. An average near 1 would indicate near
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total roundness, an indication of mass cell death/detachment in adherent cells. Viability
curves performed using the cell counting kit-8 (CCK8) were used to validate the image-
based counts performed in the medium compatibility assay. An increase in cell
population increases the turnover of the CCK8 tetrazolium product (similarly to the
MTT assay), thus producing a stronger colour change in the assay medium resulting
in a stronger absorbance in spectrophotometry. These findings confirmed the same
trend observed in micrographic nuclear cell counting as performed in the medium
compatibility assay, wherein there was an observed greatest cell number and viability
in the stem medium, a middling performance in the simple medium and the worst
performance was accounted for by the CNT-Prime medium. The immunofluorescent

characterisation and viability assessment are presented in Figure 5.4.
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Figure 5.4. Assessment and quantification of cell quality and expansion
in different media growth conditions. The top panel presents the immunofluorescent
imaging of the different growth conditions as indicated. ABCG2 and P63 are presented
as red fluorescence whilst K12, CK3 and vimentin are presented as green, demarcated
in their rows as indicated. Cell nuclei are counterstained with DAPI as blue and all
scale bars represent 100 um. A) Presents a chart of cell counts from images using
nuclei counting versus media composition and B) shows cell roundness as a function
of cell morphology against media composition both charts are plotted from n = 3
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replicates. C) Presents CCKS8 viability curves for each medium type taken over 1 week,
n = 4 for each.

5.3.2 Porcine Limbal Epithelial Cell Isolation

5.3.2.1 Pre-Dissection Tissue Screening and 3T3IN Co-Culture

At the initial porcine phase of the study, in the design and consideration stage,
it was proposed that though the medium had been optimised and surface coatings had
been explored further work was required. Therefore, an inactivated 3T3 layer was
employed to assess whether a live biological support element was required to support
limbal epithelial stem cell growth, population and stemness maintenance. To this
effect, 3T3-J2 mouse embryonic fibroblasts were inactivated with mitomycin-c and then
seeded as a feeder layer with a density of 2 x 10* cells/cm?. To test the viability of the
3T3 cells in the limbal stem cell cultivation medium, the feeder cells were cultivated in
the target medium and their viability was assessed using the cell counting kit 8 (CCK8)
over 4 days. At day O it was observed the active cells registered a slightly higher
viability than their inactivated counterparts. On day 1 both cultures exhibited an
aberrantly distorted higher reading, which may be accounted for by operator error,
however, the active cultures maintained a higher trend compared to the inactive
culture. On day 4 the readings for CCK8 absorbance were more in line with
expectations. The inactivated cells showed no significant increase in CCK8 turnover
(and therefore no indication of proliferation), as determined by a T-test between days
0 and 4. In the active cell culture, there was a significant increase in CCK8 turnover
between day 0 and 4 (P = 0.003), this shows that the cells were able to proliferate in
the stem cell medium and therefore increase the rate of turnover of CCK8 compared

to day 0. Overall this test indicated that 1. the inactivation by mitomycin-C is effective
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and 2. the process is not cytotoxic when the feeder cells are transitioned into the stem

cell medium and the cells can safely cultivated in co-culture in the limbal stem cell

medium.
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Figure 5.5: Assessment of 3T3 viability in limbal stem cell culture medium
using the CCKS8 kit. Inactivated cells were treated with mitomycin-c to inactivate the
cells before the first viability measurement was taken on day 0, the active cells were
not treated and allowed to proliferate. The error bars represent the standard error of
the mean and each data point is plotted as an average of n=3 replicates.

In the first instance, the porcine tissue was processed in the same manner as
the human tissue, however, due to differences in tissue optical properties, it could not
be screened using polarised optical microscopy. Therefore, as demonstrated in Figure
5.5, OCT was employed to find the limbal niche (POV) regions in each of the tissues
dissected for the cell extractions. These were readily identified by locating the
undulating structures underneath the epithelial layer. Once this was located the sterile
OCT vessel could be marked in the same manner as in which the limbal regions were

demarcated in Chapter 3 for the OCT/OCE study.
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OCT Camera Image

Figure 5.6: Porcine POV location using OCT to guide limbal dissection and
LESC extraction. On the left-hand side are OCT B-Scan images of the limbal
palisades of Vogt (POV), which contain the limbal epithelial stem cell niche. The yellow
line follows the undulations of the niche as seen in the OCT imaging. The right-hand
side images show the corresponding camera images for the OCT imaging and the red
lines show both the ROI and the scan direction for the OCT acquisition. The scale bars
on the OCT imaging represent 250 um whilst the scale bars on the camera images
represent 1mm. The figure presents a pair of eyes for extraction, representative of 4
extractions scanned.

After, the two-step enzymatic digestion method, the porcine limbal isolate was
then seeded onto a pre-prepared inactivated 3T3 (3T3IN) layer for porcine limbal
epithelial stem cell (PLESC) colonial expansion. The 3T3 cells were inactivated 24
hours before use and seeded into the isolation vessel (a 6 well plate) at 2 x 10*
cells/cm? and the porcine limbal cell isolate was directly transferred into these wells
(after removal of the enzymes by centrifugation) at a ratio of 1:3, using the entire isolate

between 3 wells. The lower density of inactivated cells is intended to allow the isolated
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porcine limbal cells to form colonies without inducing premature confluence within a
short time. It was observed that after 96hrs of cultivation from passage 0 (isolation)
colonies were beginning to form in small tight clusters with epithelial cobblestone
morphology as highlighted in Figure 5.7, these were termed as pre-colonies due to this
precursor structure. It was observed subsequently that after passaging (passage 1)
these cells we then able to form large epithelial colonies, maintaining the epithelial

cobblestone morphology.

Isolation PO

Passage 1

Figure 5.7: Bright-field microscopy of porcine limbal epithelial cells after
isolation and the first passage. Cellular clusters encircled are examples of
establishing and growing “pre-colonies” of isolated porcine limbal within a co-culture
with an inactivated 3T3-J2 feeder layer which are the dispersed monolayer cells. The
large arrow indicates a large epithelial colony that has established after 4 days after a
single passage. All scale bars represent 100 um. Images representative of n=3
extraction wells.
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5.3.2.2 Porcine Limbal Cell Monolayer Characterisation

Once these cells were established as a viable culture, the cells were
characterised to determine the phenotype of the cells isolated. The markers employed
were P63 and ABCG2 to assess the stemness of the cells. CK3 was used to assess
corneal epithelial commitment in the isolated cells, whilst K12 can be used to reinforce
this, it has weak co-expression in the limbus. It was noted there was spectral
overlapping with the green dyes (Alexafluor 588 and N493) and the blue DAPI,
resulting in the cross-over of the detection and z-projection of these features, resulting
in an over-intense final image. In monolayer assessment of the isolated porcine limbal
cells and 3T3IN cells was performed with immunofluorescence using confocal
microscopy. It was demonstrated that cells were positive for both stem cell markers
(ABCG2 and P63) and weak to moderate positivity for CK3. Therefore, despite the
DAPI aberration and the observed positivity with K12 and weak CK12, it can be

surmised that these cells are PLESCs due to the positivity of the stem cell markers.
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Figure 5.8: Immunostaining panel of isolated PLESCs. A) Merged
fluorescent image of the stem cell marker ABCG2 (Red), the epithelial marker CK3
(Green) and the nuclear counterstain (DAPI-blue) B) ABCG2 and nuclear only, C) CK3
and nuclear only. D) Merged fluorescent image of the stem cell marker P63 (Red), the
epithelial marker K12 (Green) and the nuclear counterstain (DAPI-blue). E) P63 and
nuclear only. F) K12 and nuclear only. Images representative of n=3 replicates for
sample images. G) Secondary only stain with Donkey anti-mouse conjugated with
NL493 (green) counterstained with DAPI (Blue), H) Secondary only stain with Donkey
anti-rabbit conjugated with NL637 (red) counterstained with DAPI (Blue). Secondary
images show N = 1 for these controls.

5.3.2.3 Optimisation of PLESC Culture — Towards Monolayer Purity

Subsequently, it was decided that whilst the use of 3T3IN was suited for the
preservation of stemness and morphological quality there was a question about the
preservation of cell purity in phenotypical analysis. This would have been of particular
concern in substrate studies where a live tracking dye or actin stain, phenotypically
non-specific stains, could be employed. In the pursuit of cellular purity, using collagen-
coated TCP, similar to the human cell culture was considered and tested. As shown in

Figure 5.9 automated live cell imaging was used to capture the growth of PLESC and
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the Cellcyte proliferation analysis system was used to evaluate cell outgrowth for both
collagen-coated TCP culture and 3T3IN co-culture. Both groups were seeded from the
same cell source and live-tracked simultaneously. The inactivated 3T3 layer was
prepared before the PLESCs were seeded at the same density between groups (2x10*
cells/cm? for 3T3 cells, 10x10° cells/well of PLESCs/well), due to having a co-culture
of inactivated and target cells, the raw starting confluency is greater in the co-culture.
Over a long culture period, the colonies formed by the seeded PLESCs were observed
to grow very large, covering significant amounts of the imaging windows. A feature of
this expansion (in the co-culture) was the physical dislocation of the more weakly
attached inactivated feeder cells from the well surface by the more tightly compact and
strongly bound PLESCs. This observation supports the necessity to use a cell scraper
to detach the PLESC colonies and aid in trypsinisation, in comparison to the sole use

of trypsin for the detachment of the 3T3 cells.
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Figure 5.9: Comparison of 3T3IN co-culture and collagen-coated well
culture. A) Is a panel showing the growth profile of each growth condition in time-
series images, the time point for each row is annotated in the right-hand image. B) The
growth profile represented in a graph of percentage confluency against the time in
culture in days, as measured by the CellCyte automated live cell imaging system. Data
points and images are taken from n=3 wells of a 6-well plate for each group.
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After it was determined that the collagen-coated wells possessed both similar
cell growth characteristics and colonial morphological maintenance properties to the
3T3IN co-culture, it was pertinent to assess whether this approach suitably maintained
stemness in monolayer culture. As in the initial assessment, this was assayed using
immunofluorescence. The most sensitive marker for stemness has been determined
as P63, as this marker has previously displayed the greatest propensity to change
apparent expression. However as demonstrated in Figure 5.10 the expression of P63
does not appear to be different, therefore it is proposed that there is no substantial
change in stemness (by assessment using the P63 marker) between collagen-coated
well culture and 3T3IN co-culture. The following assay was conducted in line with the
experimental parameters of the assessment of the phenotype of the isolated PLESCs
(Figure 5.8), the cultures were maintained for [n] days before fixation and staining and
N=3 biological replicates were performed. However, the nuclear counterstain DAPI
was omitted to prevent spectral overlap and a potential false positive of the CK3

marker.
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Figure 5.10: Immunofluorescent assessment of the collagen-coated well
and 3T3IN co-culture methods of expanding PLESCs. The top row shows both
Bright-field and fluorescent channels whilst the bottom row shows the fluorescence
only for the respective representative images (n = 3). P63, the stem cell marker is
shown as red fluorescence whilst the epithelial marker, CK3 is shown as green. All
scale bars represent 50 pm.
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5.3.3. Cultures Performed as Part of the Substrate Developmental Process

In subsequent work, the materials utilised as culturing substrates within the
appropriate culturing and bioreactor setups employ the material production methods
as described in Chapter 4. This section presents the initial trials in the development of
the wrinkled substrates and their use in culture as bio-instructive surfaces. Additionally,
these results clarify the reasons why the dual treatment substrates became the

superior substrate option in the development of the bioreactor for LESC culture.

5.3.3.1 Laminated Block Wrinkled Substrate Cell Culture Trial

In the development of the optimum wrinkled substrate (the predominant
technique discussed in this chapter), the dual treatment wrinkled PDMS, there were

trials of the primordial substrate production protocols as outlined in Chapter 4.

During these trial stages, cell types originating from various species were
employed, pending availability. For the pilot laminated block experiments, rat
cardiomyoblasts were used as the available cell type to facilitate the
refining/development of wrinkling methods by allowing preliminary assessment of
surface biocompatibility. The laminated block was initially trialled as an alternate
method, employing compression to induce wrinkling as opposed to relying on pre-
applied tension to generate wrinkling. This system performed satisfactorily in “dry
evaluation”, however in cell culture there were significant problems that could not be
overcome. The first and foremost observation was of uncontrollable PLGA membrane
delamination, this resulted in a less predictable cell culture surface (particularly when
considering dynamization). Secondly, during imaging cell adhesion was variable and

the application of coatings (past a simple vitronectin coating (a common
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cardiomyocyte/cardiomyoblast coating)) to the membrane material was not considered
a viable development process in this system set-up due to the instability of both the
surface (by delamination) and bulk positional stability under compression. Finally, the
amount of underlying bulk PDMS material required to accommodate for the
compressive arms meant that staining, (even with hematoxylin and eosin) was not
practical. Therefore the evaluation was performed using Bright-field microscopically as
presented in Figure 5.11, with questionable degrees of specificity to the detection of
cells on the surface. It is also observed that viability, as a function of observable

gualitative cell attachment, appeared to decrease with time.

Figure 5.11: Generation of wrinkles on a PLGA laminated block, with a
demonstration of wrinkle ‘decay’ in culture with rat cardiomyoblasts. A) Acellular
PLGA laminated block, B) 24 hours in culture, and C) 48 hours in culture. Scale bars
represent 100 ym, n = 3.
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5.3.3.2 Plasma Oxidized PDMS Topography

As presented in Chapter 4, it is possible to create micron-scale ordered wrinkle
topographical features using oxygen plasma treatment of pre-strained PDMS. In this
trial, PDMS membranes formulated with 3.33% curing agent were cast and pre-
stretched similarly to the dual treatment chip method. The resultant plasma
topography, whilst practically invisible to the eye except for an iridescent optical
glimmer had an apparent effect on the rat cardiomyoblasts cultured on this surface. A
visible alignment of cells was demonstrated on this type of topography, the degree of
alignment could be influenced by the amount of stretch imparted on the substrate
during treatment, inferring that the cell alignment upon the surface visible in Figure
5.12 could be used as an approximative function of the degree of wrinkling produced
underneath. The proposed assumption is that the greater the magnitude of wrinkles =

the greater the contact guidance imparted upon the cardiomyoblasts.
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Figure 5.12: Haematoxylin and Eosin staining of Rat cardiomyoblasts
seeded on Pre-strained PDMS membrane which has been subjected to O:2
plasma treatment. The top 3 images are of substrates that have been pre-stretched
to the annotated percentage strain before treatment. The bottom three images
visualize the controls: C/P.T, the lower left image is the unstrained control with plasma
treatment applied; C/N.PT, the lower centre image is of the unstrained control without
plasma treatment and TCP Well, the lower right image shows the tissue culture plastic
of the well plate. The scale bars represent 100pm length. Images are representative
of n=3 wells per annotated group.

5.3.3.3 Cultivation of Cells on Acid Oxidized Topography.

In isolation, acid oxidation can produce a wrinkled topography, as demonstrated
and discussed in Chapter 4, it is also a key step in the production of the dual treatment

topography.

It was pertinent to test the biocompatibility of acid oxidation alone as a culturing
surface. This testing was performed using human embryonic kidney—293 (HEK293)
cells, with actin staining (phalloidin Texas Red) being used to evaluate the cell
morphological response to the topography. There were 3 key observations,
exemplified in Figure 5.13, made in the prosecution of this evaluative phase. The first

is that the reliability of cell adhesion was spurious at best. Being obvious at a qualitative

262



level of visual examination, thus not warranting image-based quantification. Secondly,
the PDMS oxidation protocol (droplet acid-oxidized) was not effective in the collimation
of wrinkles. Thirdly the visibly decreased cell population (in comparison to the control)
observed on the acid-oxidized wrinkled topography did demonstrate a degree of
contact guidance. In terms of the observed contact guidance, this was not presented
as cellular morphological changes but as pseudocolonial clusters formed within the

randomly ordered wrinkle troughs.

A)

Figure 5.13: HEK293 cells cultivated on acid-oxidized PDMS formulated
with 5% curing agent showing random ordered wrinkled surfaces. A) PDMS with
an applied pre-strain of 20% before oxidation. B) PDMS with no pre-strain applied. C)
Control culture of HEK-293 cells in a well, at the same seeding density (100K cells/24
well). Scale bars represent 100 um. Material sample images are representative of n=3
seeded material surfaces whilst the control image is representative of n=2 control
wells.
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5.3.3.4 Cultivation of Human Limbal Cells a Matrix-Like Coating.

It is well appreciated in the field of epithelial cell/tissue culture, that the matrix
conditions of the limbal niche are a requirement for the successful cultivation and
maintenance of the limbal epithelial stem cell phenotype. Following this remit, the
culturing conditions were further investigated through the alteration of a coating applied
to the cells. In the first instance, this was trialled using a comparison of polydopamine
coating against a polydopamine-collagen coating protocol. Figure 5.14 presents the
bright field microscopy of these preliminary cultures. The cell morphology in these
images, though less obvious due to the polydopamine fouling, can be seen to conform
to the wrinkles surfaces in the acid-oxidised and dual-treated groups where wrinkle-
based optical masking does not affect cellular visibility. In the flat controls (non-
wrinkled plasma treated PDMS and no treatment) cells adopt a morphology similar to

that observed in Figure 5.7.

Polydopamine

Dual-treated Acid oxidised Plasma No treatment

100pm

Polydopamine + Collagen 20ug/ml

Figure 5.14: Bright-field imaging of human limbal cells cultivated in
monolayer with Polydopamine or polydopamine-collagen coatings. N =1 for each
substrate type for each coating protocol, scale bars = 100um.
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Though both the polydopamine and polydopamine + collagen protocols visibly
facilitated the adhesion of the limbal cells to the tested substrate (more so in
comparison to the control) the visible black-particulate fouling by the polydopamine
was a visible problem. To combat this visibility problem, it was proposed that a matrix
alternative be utilised. This new coating needed to be strongly bound to the PDMS,
resist the mechanical stresses of physical manipulation and be cytocompatible. GelMa
was the ideal candidate in all of these respects due to its ability to be easily mixed with
a photoinitiator and (as discovered) could be bound to the PDMS through this
photocuring action. It was observed that after multiple washing of PDMS with (one side
dip acid-oxidized for 5s and the opposing side masked to prevent oxidation) the
photocured GelMa layer remained stuck fast to the oxidized region as demonstrated
in Figure 5.15. In culture, the human cells grew well on this coating, demonstrating its

biocompatibility.
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Figure 5.15: Trial of GelMa coated wrinkled PDMS for human limbal cell
culture. A) An OCT image of the trial piece of PDMS which was dip acid-oxidized to
assess the photocured binding of GelMa to the oxidized PDMS surface, n = 1. B) A flat
plasma-treated control with a GelMa coating showing human limbal cells confluent on
the surface, n = 1. C) Dual-treated wrinkled PDMS with a GelMa coating with human
cells cultured on the surface in the static mode of culture, n = 3. For the
immunofluorescent staining; Blue = DAPI (nucleus), Green = ABCG2 (stem cell
marker) and Red = CK3 (Epithelial). Scale bars are as denoted.

5.3.3.5 Optimisation of GelMa Coating of Dual treatment Substrates for Cell Culture

From the variety of coating conditions tested, it was determined by visual
assessment that GelMa (like in the human assays) was the most suitable coating for
limbal stem cell cultivation on wrinkled substrates. Whilst this coating proved effective
in the expansion of the human limbal cells and facilitated contact guidance in that cell

type, in the porcine limbal epithelial stem cells the benefit of the GelMa coating extends
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merely to the enhancement of cellular attachment. This is evident through the change
in the number of cells detected on wrinkled substrates, where the percentage of GelMa
was modified. It was also noted that increasing the concentration of GelMa had the
potential to reduce the cellular sensitivity to the underlying topography, preventing the
contact guidance or segregative effect of the wrinkles. Due to the high degree of
variability observed in cellular distribution and image thresholding, quantification by
particle count to assess distribution was considered inappropriate. However, the
quality of the colonial morphology could be assessed even at low power, Figure 5.16
demonstrates this capacity to control cellular distribution by varying GelMa coating
solution concentration. Thus preliminary assessment using the fluorescent dissecting
microscope, using the actin stain, demonstrated that the 15% GelMa concentration
facilitated the best balance between enhanced cellular attachment, colony formation

capacity and cellular sensitivity to the underlying topography.

No GelMa

Tt S

Figure 5.16: Variation in the concentration of GelMa in the coating process and
the subsequent effect on cellular distribution. The leftmost image serves as a
representation of the control substrates (n = 4), and the annotated images represent
those substrates with the denoted GelMa concentration which survived through to cell
culture (n = 2 each). DAPI (blue) was used to stain the nucleus, whilst Phalloidin (red)
was employed to stain for actin. All scale bars represent 500 pm
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5.3.4 Cultivation of Human Limbal Cells on Wrinkled Substrates

Following the assessment in monolayer, human limbal cells were seeded on
wrinkled substrates and cultivated for 7 days. In the static mode of assessment, the
substrates were autoclave sterilized and then allowed to wrinkle after being released
from the stretching frame. Subsequently, they were affixed to the bottom of the wells
using appropriately sized 3D-printed retaining rings. Retaining rings were used both in
collagen/polydopamine and polydopamine coating stages in addition to the cultivation

stages. The substrates were coated before wrinkling and then immersion seeded.

5.3.4.1 Immunophenotypic Assessment of Human Cells Grown on Static Wrinkled

Substrates

After establishing the ability to cultivate the cells, followed by the optimization
phase with media compatibility and surface interface coating, it was necessary to
assess the effect of the wrinkled substrates on the human limbal cellular behaviour.
The human limbal cells were first assessed for morphological and phenotypical
changes using immunofluorescence after culture on static substrates for seven days
as shown in Figure 5.17. The static topography elicited significant morphological
changes and a strong contact guidance effect on the human limbal cells seeded upon
the surface. The P63 expression appears to visually diminish but is weakly expressed.
ABCG2 remains strong, whilst CK3 shows a visual increase in intensity. K12
demonstrates a patchy distribution, with non-specific binding to the GelMa layer.
Vimentin retains a very bright, ubiquitous expression pattern. Nestin, also a corneal
marker, presented with a patchy/weak expression. However it it should be noted that
in the static alignment experiment nestin presented strong expression, therefore whilst

useful as a tracking marker in that experiment, its reliability as a marker is considered
268



tentative. In all examples shown, the cultivated cells align with the given topography,
appearing to situate the cell body within the “crypt” of the wrinkles. Cellular elongation
along the crypt, perpendicular to the direction of the direction of wrinkle propagation

further indicated the cells were subject to contact guidance by the topography.
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ABCG2 Composite CK3

Vimentin

Figure 5.17: Immunofluorescent staining of human limbal cells seeded on
static wrinkled topography. The markers are as denoted, all scale bars represent
100 um. Images representative of n=3 samples.
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5.3.4.2 Wrinkled Surfaces as a Contact Guiding Bio-Instructive Surface

To validate the visual observation of morphological change due to cellular
alignment to the topography, the orientation of the cells was mapped as per the study
carried out by (Dimmock et al., 2023). The morphology and conformity to the
topography of the cells were captured and analysed in ImageJ using OrientationJ as
presented in Figure 5.18. The brightest markers were used for this image-based
method, therefore images for CK3, vimentin and nestin staining were used for this
analysis. This method demonstrated cell alignment could be graphically represented
and compared using histogram plots of detected feature orientation in degrees against
the count of detected features. Cells cultivated on wrinkled substrates showed a
greater degree of order, resulting in a more defined bell curve on the histograms
compared to the control images, which resulted in a more level distribution of

orientations.
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Figure 5.18: Analysis of alignment of human limbal cells on aligned
substrates. Top panel: Single channel fluorescence images showing both morphology
and alignment of cells. Row A) control cultures in monolayer and row B) shows the
cells cultured on the substrates. Each set of images is representative of n=3. C) a
Histogram of alignment of cell features (direction/0) against the count for control
cultures and D) a histogram of direction/o against the count of cell features for the
wrinkled substrate cultures. Each histogram line is plotted from a single image to form
a representation of the whole dataset.
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5.3.5 Cultivation of Porcine Limbal Epithelial Stem Cells on Wrinkled Substrates

5.3.5.1 Culture of Porcine Limbal Epithelial Stem Cells on Static Wrinkled

Substrates

Once the isolation and expansion of the porcine limbal epithelial stem cells were
established, this cell type was cultured on static wrinkled surfaces to assess the effect
of the topography on the cell growth and distribution. As with the human cellular work,
the assessment of the topographies' effect on the cells is preliminary. Initially, the
porcine limbal epithelial stem cell attachment was unpredictable to the wrinkled
substrates as demonstrated in Figure 5.19, with seemingly inconsistent instances of
total seeding failure to both flattened and wrinkled substrates (using both droplet and
immersion seeding methods). Therefore it was necessary to explore coating properties

and culturing conditions to determine the most favourable for this cell type.
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Figure 5.19: Porcine limbal epithelial cells cultivated on dual treatment
wrinkled PDMS with various coatings. A) static co-culture with 3T3IN, stained with
a Calcein (live/green) and propidium iodide (dead/red) stain. B) static control culture
with no coating and no co-culture with the same live/dead stain as A) n=2 substrates
each for A) and B). C) Collagen-coated dual treatment substrate, the cells were stained
with an actin stain (Phalloidin Texas Red), n=3 substrates. D) Dual treatment PDMS
with a photocured 15% GelMa coating, stained for the epithelial marker CK3 (green)

and the stem cell marker P63 (red), n=3 substrates. The scale bars for each image are
as denoted.
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5.3.5.2 Wrinkle Morphology Variation in PLESC Culture

In addition to the coating and culturing conditions, the dimensions of the
topography also played a role in the control of cellular behaviour, an effect observed
in newly extracted PLESCs. It is proposed that maintaining an early passage number
when performing such topographical studies is essential as these cell types are
considered to retain their phenotypic and morphological plasticity at this point. Here, it
is demonstrated that there is a difference between the 3.33% curing agent chips and
the 2.5% curing agent chips. As ascribed before in Chapter 4, the lessening of the
curing agent in the PDMS chip formulation results in a wider wrinkle crypt formation at
the end of the dual treatment process. It was observed, and exemplified in Figure 5.20,
that with greater crypt width there was lesser tight nucleation of cell clusters, with better
distribution of cells within the crypts as observed through the wider dispersion of
stained cells in the 2.5% chips compared to the 3.33% chips where the cells remain
more tightly clustered. It is proposed that the wider crypt substrates enable truer
sensing of the curvatures and truer biomimicry. It was observed in the cross-sectional
views of the z-stacks that p63 was more basally expressed whereas CK3 appeared
more apically expressed in cells on the 2.5% (wider and deeper crypt shape) chips.
However, in the 3.33% substrates the expression manifested inversely, with CK3
appearing more basally and P63 more apically. These observations could be attributed
to the formation of tight clusters of cells on the 3.33% substrates which may
subsequently alter the spatial distribution of the markers in comparison to more

topographically compliant 2.5% chip cultures.
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Figure 5.20: PLESCs cultivated on substrates of different crypt widths with
immunofluorescent staining for the stem cell marker p63 (red) and the epithelial
marker CK3 (green). A) PLESCs cultivated on PDMS wrinkled via the dual treatment
method, formulated with a 3.33% curing agent with a 15% photocured GelMa coating.
B) PLESCs cultivated on PDMS wrinkled via the dual treatment method, formulated
with a 2.5% curing agent with a 15% photocured GelMa coating. All scale bars
represent 100 um. N=3 per substrate type.

5.3.5.3 Proliferation Profiling of the Growth of PLESCs on the Topographies

To validate the success of the cultivation of LESCs on the substrates over time,
the metabolic viability of the cells was assessed using the cell counting kit-8 (CCK8),
the profiles of which are summarized in Figure 5.21. This kit, even without calibration
curves (which were not produced due to insufficient cell and substrate numbers), can
give a direct arbitrary comparison of cell proliferation over time between separate
cultures of the same cells if seeding density is controlled and thus estimate the
difference in population expansion profile between substrate types. In this assay, the
porcine limbal epithelial stem cells (PLESCs) were cultivated over 15 days total, with

assessment checkpoints wherein the amount of CCK8 reagent turnover was
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measured. It was observed with interest that all groups present a descending
serpentine trend, which contrasts against the control group of the LESCs and 3T3IN
co-culture, which had a positive proliferative trend. This means that the substrates
throughout the whole culture period reduced the resultant number of viable cells
available to turnover the CCK8 reagent into a readable product. Out of the substrate
groups the PDMS formulated with a 3.33% curing agent presented a slightly higher
overall viability compared to the 2.5% curing agent fractioned PDMS, Figure 5.21

shows these differences in trends.
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Figure 5.21: Graphs displaying the CCK8 proliferation profiles of the PLESC cells
grown on the wrinkled surfaces. A) Presents the graphs of the time series as
acquired for all cultures including the control (PLEC+3T3 control), B) shows the
wrinkled-only culture and C) shows the linear trend extrapolated between the
acquisition points between days 0 and 15. N = 2 for each wrinkled culture and 1 for the

control culture.
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5.3.6 Limbal Cell Cultivation on Dynamized Substrates

5.3.6.1 Cultivation of Human Limbal Cells on Dynamized Substrates

Once it was established that the human limbal cells were successfully grown on
the static substrates and the contact guidance effect evaluated, the model progressed
into the dynamic mode. In this mode, the cells were seeded on pre-stretched
substrates and once the cells had attached, the substrates were relaxed in the
bioreactor to enable wrinkles to form. Subsequently, the wrinkles were flattened by
stretching to +20% material elongation and re-wrinkled to induce cell distributional
changes between stages. Three-day intervals were used to ensure the cells had
sufficient time to adjust to the modified topography. Figure 5.22 demonstrates a
timeline, using fluorescent live-dyed cells and associated orientation analysis, to track
the effects of wrinkled substrate dynamization. The associated histograms describe
the alignment of the cells at each stage, as measured using the OrientationJ plugin on
the images presented. Histograms with high and prominent central peaks indicate a
large degree of alignment parallel to the vertical, and peaks to the far left and right
indicate anti-parallel alignment. Histograms with less parallel peaks (or more even
distributions) are considered to represent cell samples that are more randomly

distributed.
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Figure 5.22: Human limbal cells cultivated on dynamized substrates with
associated alignment analysis. A) Fluorescent tracked live imaging timeline of
human limbal cells on wrinkled substrates, showing stages of wrinkled and flattened
states with associated time points. B) Histogram of alignment for flattened time points.
C) Histogram of alignment for wrinkled time points. D) Histogram of alignment for all
time points. Each histogram line is plotted from a single image to be representative of
the whole data set. The image panel is representative of n=3 bioreactor wells.
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5.3.6.2 Preliminary Cultivation of PLESCs using a 3T3IN Feeder Layer

In preliminary model trials, dynamization was introduced to the cultivation of this
isolated cell type. Firstly in these initial trials, the isolated cells were seeded upon the
substrates with an accompanying 3T3IN feeder layer in co-culture (2 x10* 3T3IN
cells/cm?) in a droplet on a flattened dual treatment wrinkled surface with a 30% GelMa
coating surface. This culture was compared to a dynamized culture sans 3T3IN cells.
Assessment of cellular retention after a single cycle was the only viable option in this
assay due to widespread cell loss with examples of these surfaces presented in Figure
5.23 It was observed that between 3T3 and feeder-free cultures, there was very little
difference cell death as determined by the calcein/propidium iodide assay, with only
marginally more cell death in the 3T3 feeder cultures. This cell death can be attributed
to the death of some of the inactivated 3T3 cells which are not present in the feeder
free culture which may have been induced into cell death by the substrate

dynamization.
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Figure 5.23: Live dead end-point of cultivation of isolated PLESCs on
dynamized wrinkled substrates. A) shows substrates where the porcine cells were
cultivated without a feeder layer whilst B) shows substrates with cells cultivated with a
feeder layer. Live cells are stained with calcein (green), dead cells are stained with
propidium iodide (red), and scale bars represent 250 um (n = 2 for each).

Calcein (live) and propidium iodide (dead) facilitated the assessment of both cell
attachment and the impact of cell viability imparted due to the dynamization of the
substrates. Here it was demonstrated using a live-dead stain that dynamization of the
substrates did not have a cytotoxic effect on attached cells but in this preliminary
instance, it was not possible to ascertain levels of detachment as the before images

were not able to be recorded due to an inability to facilitate fluorescent live-tracking at
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that point. It was also observed that in the feeder negative substrates, the attached
cells adopted more singular fibroblastic morphologies compared to the 3T3IN positive
substrates wherein more of the attached PLESCs maintained small clustered

morphologies after the induction of topography.

5.4 DISCUSSION

In biomedicine, there is a strong demand for novel approaches for both
modelling capabilities and treatment modalities. Tissue-engineered constructs and
cell-based therapies are beginning to fill this gap with tailored solutions where designed
constructs facilitate powerful benchtop platforms. An example of static limbal culture is
the Real Architecture For 3D Tissue (RAFT), a commercial-grade system that has been
employed to cultivate and maintain 3D limbal stem cells (Levis et al., 2013). The raft
system differs from the presented bioreactor system on two major principles; 1) the
RAFT system morphology is static thus cannot be dynamically tuned during culture
and 2) the topography in the RAFT system is made out of the matrix substance,
whereas in the wrinkled substrate bioreactor, the topography is evolved on a
supporting substrate which has the potential to be functionalised with different matrix
or other functional molecules (a potential subject for future study). The advantage of
the RAFT system over the wrinkled substrate bioreactor is that it is a commercial grade
bioreactor, meaning the topography production (dimensionally and compositionally)
fall within tightly bound parameters. These trait are not shared by the wrinkled
bioreactor system where each wrinkled substrate (and gel coating) are handmade
using a non-automated process resulting in a more variable topography/ substrate
system being produced. Another example of ophthalmic tissue engineering is the utility
of surface topography to create scaffold-free corneal lamellae, moving towards the
ability to create layered corneal stromal structures (Syed-Picard et al., 2016). In vitro,

283



the modelling of optical structures drives drug development and the study of disease.
The advantages of advancing away from reliance on in-patient and animal studies
include improved validity and specificity of testing, improvement in accessibility and
ease of performance. Additionally, the ethical concerns presented in using live
animal/human subjects are averted (Islam et al., 2019). A prime example of such a
model is the “mini-cornea”; an engineered cellular model developed for benchtop-
based ocular irritation testing (Kim et al., 2023). In limbal niche modelling, work has
mainly focused on replicating the matrix conditions, for example, the development of
laminin-based culturing surfaces for limbal epithelial expansion (Polisetti et al., 2017)
and analysis of modified collagen matrices in limbal cell stemness maintenance and

epithelial differential potential (Haagdorens et al., 2023).

Presented in this chapter is the culmination of the preliminary assessment of
the cellular responses of isolated primary limbal cells, from human and porcine sources
to the wrinkled substrates. The development and optimisation of culture conditions
utilizing the wrinkled substrates were driven towards supporting static and dynamized
wrinkle surface culture. In terms of the applications of coatings, it was observed that
the increase in concentration (the undiluted GelMa), though spread thin using a cell
scraper whilst the substrate was still flat, still prevented the contact guidance of cells
from topography. Polydopamine was utilised to aid in the application of collagen to the
substrates and demonstrated the best contact guidance overall, however, the
aggregation caused by the polydopamine (the black aggregates) reduced imaging
qguality and showed that the intermediate was not uniformly bonded to the surface
during coating. Therefore there is a level of cellular control that can be determined by
coating selection as it was demonstrated that there was a visual difference in the

guality of contact guidance and cellular distribution between the variety of coating types
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applied. Of the tried substrate coating methods trialled, GelMa proved both the most
reliable to apply and demonstrated the ability to facilitate cell attachment and contact

guidance.

This work provides the working stepping stone for the progression of a dynamic
disease model, which with further characterisation, has the possibility of yielding
important cellular response information to crypt conformational changes. This
assessment of cellular response also validates the cytocompatibility of these surfaces
and forms the latter stages of the developmental process for this multi-stage material
fabrication and substrate treatment methodology. In parallel with this, the isolation and
expansion of primary limbal cells from human tissue and primary limbal epithelial stem
cells (LESC) from porcine tissue were validated in vitro. The decision to use porcine
tissue as the alternative primary isolation source was related to its well-recognised
similarity in anatomical structure (Notara et al., 2011, Grieve et al., 2015) and
maintaining phenotypical consistency with human LESCs (Notara et al., 2011). The
structural similarities are chiefly the mirroring and alike presentation of limbal niche
microstructure, with the presence of the limbal palisades of Vogt, ERP and PR
presenting in similar proportions, with minimal differences in dimensions. However, it
was observed, particularly during dissection that the epithelial layers of the porcine
tissue were thicker in comparison to the human donor corneas. This observation can
be confirmed by comparing results obtained by studies measuring histological sections
of porcine and OCT sections of human corneas. The porcine limbal epithelium was
found to be 117+4.9um (n=28) (Nautscher et al., 2015) compared to human limbal
epithelium which was found to be 84.3 £ 10.1uym (n=10)(Francoz et al., 2011). This
difference in epithelial thickness may account for the increase in ease in the isolation

of porcine LESCs in comparison to the isolation from human corneas. It is proposed
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that having a thicker epithelium may present a greater depth of harvestable epithelium
which can contain viable LESCs which in turn will provide a greater yield of LESCs

from the digested tissue.

In the developmental testing, as presented in section 5.3.3, the preliminary
assays explored the stages of wrinkling formation and their compatibility with cell
culture. It is important to remember that due to the exploratory nature of these assays,
non-limbal cell types were used due to immediate cell availability and the conservation
of effort for optimised process development flow. However, Cell types such as the rat
cardiomyocytes and HEK-293 types were considered suitable due to their adherent
nature and apparent sensitivity to substrate surface topography. This effect is starkly
demonstrated when both of these cell types were presented with fibrous topologies,
forming elongated and fibre-conforming morphology compared to a flat surface
(Wychowaniec et al., 2020, Kobuszewska et al., 2021). Additionally, it should also be
noted that the cellular effects for these three surfaces are not extensively explored due

to the sub-optimal nature of the substrate systems being employed.

Notably in 5.3.3.1, the laminated block topography, despite this method initially
promising an interesting alternative method of wrinkling at a macro-scale proved to be
disappointingly ineffectual in cell culture practice. First and foremost, as demonstrated
in Figure 5.10 there is an obvious decay in wrinkle quality. Upon closer examination
after fixation, it was observed the polymer membrane layer had delaminated from the
PDMS bulk. Despite background trials of different glues including epoxy, as it currently
stands the liquid silicon compound used as glue was the only adhesive safe for cell
culture and facilitated wrinkling on compression without damaging the membrane.

Although the sub-optimal cell adhesion observed could have feasibly been optimised
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with collagen (similar to how PDMS can be coated (Sharma et al., 2019)) it was

considered inefficient to attempt such optimisation with the laminated block method.

In the plasma treatment method, the rat cardiomyoblasts demonstrated both
good adhesion and practicability in staining and proved the surfaces in all pre-stretched
conditions could influence the cells through changes in alignment, proving there was a
wrinkled surface present despite it visually indecipherable (Glatz and Fery, 2018,
Kobuszewska et al., 2021). This proved to be a stark contrast in comparison to the
laminated block topography, which showed no obvious cellular effect, could not be

stained (even simply with haematoxylin and eosin) and was impractical for cell culture.

Despite these obvious significant advantages, however, there was one major
downfall to this plasma treatment topography type, the size of the features generated.
The crypts were only visible/measurable at the highest magnification in scanning
electron microscopy. Therefore, even considering the visible effect upon the
cardiomyoblast culture, it was determined an inappropriate substrate type due to not
being biomimetic to the limbal crypt dimensions (which should be ideally approximately

50um deep by approximately 35-120 um (Grieve et al., 2015, Bizheva et al 2017)).

Finally, the acid oxidation step of the dual treatment method of wrinkle formation
on PDMS was tested for basic cytocompatibility. HEK-293 cells were employed during
this round of evaluation, due to ease of handling and reported use in a similar
topographical study, this cell line was deemed appropriate for a basic cytocompatibility
sensing model at this stage (Wychowaniec et al., 2020). This method of wrinkling
produced typically randomly ordered wrinkles, even with the application of a pre-

applied strain.
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Consequently, the requirement for the dual treatment method, as discussed in
Chapter 4, is the predominant method of wrinkled substrate employed throughout the
later stages of the research. In terms of cytocompatibility, the acid oxidation testing
highlighted a high degree of visually observed variability of retained cells. This is even
after prolonged culture, demonstrating that this surface, even with collagen coating has
sub-optimal cell attachment properties. To date there are no direct cell culture
applications in literature attributable to this cell culture application, however, the work
performed in the development of this wrinkling technique demonstrated a reduction in
water contact angle (Watanabe and Mizukami, 2012, Watanabe and Shinoda, 2014,
Watanabe and Hashimoto 2015). Reducing the water contact angle of a surface
generally can relate to an increase in surface biocompatibility, or at least an increase
in the prospect of cellular attachment (Ferrari et al., 2019). However, as observed in
Figure 4.15, it is demonstrated by atomic force microscopy that the acid-oxidized
surface has greater roughness, compared to both the dual treatment wrinkled surface
and the plasma-treatment wrinkled surface. Thus it is proposed that an increase in
nanoscale roughness may result in the inhibition of cellular attachment, similar in
mechanism to the antibacterial antifouling surfaces which use surface roughness to

prevent bacterial adhesion and biofilm formation (Chien et al., 2020, Mu et al., 2023).

In this chapter, it has been demonstrated that primary cells have been isolated
from tissue from two primary sources. The first was human corneal buttons which were
maintained in organ culture and received from an NHS tissue bank. The second source
was freshly enucleated porcine eyeballs, typically extracted on the day of slaughter.
Once the porcine eyes eyes were dissected into corneal buttons the remaining and cell
isolation methods were kept consistent with the human methods. Despite maintaining

consistency between the methods, it was observed that from different tissue sources,
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different cell types were isolated. The human tissue yielded cells which adopted a
fibroblastic-like morphology, these cells were spindly and did not adopt the typical
LESC morphology (Polisetti et al., 2020). However, they expressed the canonical
limbal stem cell marker ATP-binding cassette binding protein G-2 ABCG2, the neural
crest marker nestin and the limbal epithelial marker cytokeratin 3 (CK3). Additionally,
these cells expressed the mesenchyme transitional marker vimentin, giving credence
to the cells having a mesenchymal/fibroblastic lineage (Schlétzer-Schrehart and Kruse,

2005).

In contrast, the cells extracted from the porcine tissue adopted cobblestone-
shaped morphology and formed large, discrete colonies. These morphological and
expansion characteristics strongly indicate the isolation of limbal epithelial cells as
these characteristics are concordant with numerous established methods which use
isolation methods similar to the protocol used in this project (Chen et al., 2011, Tovell
et al., 2015, Kim et al., 2017, Polisetti et al., 2020). These colony-forming cells, with
both inactivated 3T3 cells and coated wells and substrates demonstrate the ability to
maintain the stem cell marker p63 and a markedly limited expression of the epithelial
marker cytokeratin 3. These observations together indicate strongly that the cells
isolated from the porcine tissue were true of progenitor lineage and could be
designated as limbal epithelial stem cells LESCs (Schlétzer-Schrehart and Kruse,
2005). With consideration to the ability to extract true morphological and phenotypial
LESCs from porcine tissue, using the same dissection and digestion protocol, it was
considered that the mesenchyme/fibroblastic type cells isolated from the human tissue

arose from a pre-extraction condition.

The human corneal buttons were maintained in organ culture for up to 4 weeks
before isolation, it is proposed that the time in organ culture without pro-stem cell
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medium may have resulted in potentially one of two transformative pathways. The first,
is the differentiation of the progenitor cells towards the epithelial phenotype following
the XYZ/conventional growth and regenerative pattern, as described in Chapter 1
(Thoft and Friend, 1983, Mort et al., 2009, Sartaj et al., 2017). The second proposed
pathway for cellular change during long-term organ culture storage is through the
progenitor cells undergoing a cellular change akin to the epithelial-mesenchymal
transition (EMT). This is a differential pathway associated with both cancer and
epithelial cells dependent on the wnt-catenin pathway (Kawakita et al., 2012, He and
Jin 2017, Shibata et al., 2019). There has been observation of fibrotic changes in the
cornea with limbal invasion, indicating rudimentary regeneration, due to intervention
by air exposure (Kawakita et al., 2005). In controlled in vitro studies such as growth
factor controlled studies it is demonstrated that the modulation of Smad-7/notch
pathways was facilitated through the alteration of TGF31 to manipulate EMT (Kawakita
et al., 2013, Tsai et al., 2014). Therefore it is possible to suggest that cellular fibrotic
changes might be mediated through the EMT, this is further reinforced by the strong
experimentally ubiquitous presence of vimentin. This pervasive trend of vimentin
expression was found by immunofluorescent staining at all stages: first in vivo in the
staining of tissue sections (section 5.3.1.1), subsequently in monolayer post-isolation
(section 5.3.2.3) and finally in wrinkled substrate culture (section 5.3.3.2). With both
considerations in mind, it is possible to surmise that the cells isolated are, though limbal
in origin, not LESCs and may have undergone a transition into another cell type. Whilst
elevated CK3 indicated a potential epithelial commitment, elevated Vimentin indicated
potential a mesenchymal transition (both by immunofluorescent observation). More
future work is required to determine the precise cell type isolated. In this future work
PCR should be used to validate both groups of markers including the corneal epithelial

marker expression (CK3/K12) and the limbal stem cell marker expression
290



(P63/ABCG2). To more fully explore the involvement of the EMT pathway, vimentin
should be validated by PCR but also additional mesenchymal markers should be
explored both by immunofluorescence and PCR. N-cadherin and fibronectin are
mesenchymal markers which are implicated in cells which undergo the EMT pathway
(Zeisberg and Nielson, 2009). Future work could implement strategies for the
mitigation of the apparent EMT to aid in the preservation of the LESC phenotype and
morphology. Primarily, in this application EMT can be prevented by extracting the
LESCs from the corneal buttons within a small number of days after cornea donation.
This time-dependent effect of preventing EMT/loss of LESC phenotype is observed in
the cells isolated from the porcine tissue, from which cells were extracted at a
maximum of 48h post-slaughter. To further investigate/manipulate the environmental
conditions which may induce EMT, the use of a bioreactor, such as the twin-chambered
perfusion system used for the long-term preservation of porcine corneas. This
application used a chamber system to enable the separate perfusion of the anterior
and exterior sides of a cornea, where the isolated corneoscleral button was used as a
water-tight seal in between. Perfusion of two different medium compositions, suiting
an endothelial surface on the anterior side and an epithelial composition on the exterior
side resulted in better corneal viability and preservation of the basal LESC markers
ABCGS5 and K14 (Guindolet et al., 2017). The use of a perfusion bioreactor such as
this may prevent EMT for the longer-term storage of human corneas, by replicating the
more natural movement of fluid and enabling a constant refresh of the medium,
preventing the accumulation of factors (such as TGF-$) in the medium which would

encourage the propagation of the EMT (Xu et al., 2009).

It is considered that increasing the storage time of the porcine corneas in the

same manner as the human corneas (storage in ocular medium in a sealed glass
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bottle) would have a similar effect on time- dependent loss of harvestable LESC.
Conversely in human tissue, extracting the LESCs from donor patients within a short
amount of time after donation would more likely retain a larger amount of viable LESCs
available to extract. However it has been found that corneas maintained in organ
culture for up to 4 weeks were able to yield LESCs presenting cobblestone morphology
and positivity for the key marker P63 and negativity for cytokeratin 3 (Tovell et al.,
2015). These findings contradict the practical finding in this project, however, the
inclusion of a feeder layer and use of stromal medium additives including
dexamethasone, platelet-derived growth factor and L-ascorbic-2-phosphate, may

account for these changes in observations.

In the porcine isolation and culture optimisation phase, the co-culture with
inactivated 3T3 mouse fibroblasts versus collagen-coated wells was investigated.
Using inactivated 3T3 cells is an established and recommended method for epithelial
culture (Sharma et al., 2011, Hynds et al., 2018, Zekusic et al., 2023). However, in an
attempt to preserve cell purity, it was proposed that a matrix protein coating such as a
simple collagen coating of the wells may suffice, in conjunction with the medium
formulated for these isolated cell cultures. The confluency profile attained by
automated live cell imaging coupled with the live Bright-field images of typical colony
formation of cobble-stone cells indicated that this hypothesis held. This indicated that
collagen-coated wells and plates are suitable, alongside the LESC medium formulation

used in this study, for the cultivation and expansion of PLESCs.

In this preliminary work of testing the cellular response to the wrinkled
substrates produced by the dual treatment method, human and porcine primary
isolated cells were used, in both static and dynamised cultures. In both types of culture,
there was an observed influence over the cells isolated in both species. These effects,
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also are concordant with the initial observations found within the developmental
cultures, whereby the surface topography was able to induce major contact guidance
effects including alignment and cluster segregation. Incidentally, the type of contact
guidance was considerably biased between either alignment or cluster segregation

between the isolated cell types.

In the more fibroblast/mesenchymal type cells isolated from the human tissue,
it was demonstrated that the cells were able to conform to the wrinkled topography,
changing their morphology from a multi-directional spindled shape to a bi-directional
shape. Furthermore, due to the change in morphology, the cells conformed to the
topography, wherein the collimation of the cells ran parallel to the crests of the wrinkles
containing the cells. This collimation was semi-quantified using image-processed
analysis, where alignment was assessed as a function of orientation in degrees across
fluorescent samples to produce histograms of orientation in degrees. Here it was found
that there was a difference in histogram bias between wrinkled and monolayer cultures
(Figure 5.17), wherein the monolayer cultures exhibited flatter histograms compared
to the more traditionally normal-distributed and pronounced histograms of the

orientation of the cells cultured on wrinkled substrate.

Due to the proposed type of the cells as determined by immunofluorescence
(by the expression of vimentin) and the high degree of conformity of the cells, with the
cells appear to neatly fit within the wrinkled topography, these more mesenchyme cells
are considered to be more susceptible to the alignment type of contact guidance. This
observation is supported by the highly motile nature of mesenchymal and fibroblastic
cells, which has been well characterised by migration assays using both microfluidic
and transwell methods (Menon et al., 2015, Batarfi et al., 2023). The porcine cells
however elicited a different response to the surfaces, favouring the cell cluster
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segregation form of contact guidance. This effect was most evident in the static culture.
The PLESCs tended to form large and well-bordered colonies in standard monolayer
culture with both coated vessel culture and 3T3 murine fibroblast co-culture, this
behaviour being in agreement with wider LESC research (Chen et al., 2011, Tovell et
al., 2015). However, in wrinkled substrate culture, it was observed that the cells only
grew in clusters, which were segregated by the wrinkled surface features, the crests
of the undulations appearing to serve as a physical barrier between these clusters.
This behaviour of LESCs is similarly seen in static systems that use channel-like
topographies, the clustering behaviour observed in the RAFT system is more
dispersed and adopts the appearance of more monolayer-like colonies (in diameter)
with channel-depth distribution (Levis and Daniels, 2016). In the collagen matrix
presented by Haagdorens et al., the cells are much more tightly clustered before
reaching confluency, whereby the cells occupy and conform to the entire channel
profile (Haagdorens et al., 2019). The determining factor in the clustering behaviours
of the LESCs between these studies was the channel width, a tighter channel width
resulted in tighter clustering. This observation therefore provides a proposed

explanation for the clustering behaviour seen in the PLESCs.

In cross-sectional rendering of confocal imaging of static wrinkled culture
(Figure 5.19) it is possible to see these clusters conforming to the shape of the crypts,
evident by the bowl-to-wave manifestation of the shape of the superposed fluorescent
signals. This particular growth pattern was unique and warranted a proliferation profile
(Figure 5.20) which showed over time there was a slight decrease in population, as
determined arbitrarily by comparison to a non-wrinkled control culture. This accounted
for the observed small cluster growth pattern observed by the PLESC which was

ubiquitous to the work with dual treatment substrates. This consistency in growth
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stagnation is curious however due to the observation of clear epithelial cel/LESC
expansion in other static grooved constructs such as ridged collagen real architecture
for 3D tissues (RAFT)(Levis et al., 2013) and grooved collagen-like peptide hydrogels

(Haagdorens et al., 2019).

Despite the disparity between the cell behaviours between the isolated types
from each species, there is a pervasive trend that the stem cell marker expression for
each has been maintained. In the case of the human cells, the expression of the marker
ABCG2 was maintained in static wrinkle culture in association with moderate p63
expression, both of which are appreciated LESC markers (Schlétzer-Shrehardt and

Kruze 2005, Kim et al., 2017).

For the porcine cells, the p63 stem cell marker was also maintained between
the control cultures and the static wrinkled culture, demonstrating the ability to preserve
stemness despite the loss of viability. Through the use of the same antibodies in the
assays between the species/isolated cell types, these observations run concurrently
with the assertion that porcine tissue holds the same anatomical morphology and
phenotypic qualities as humans, in particular, the presence of the same cellular
markers such as p63 and integrin B1 (Notara et al., 2011). In addition to the
preservation of the stemness of the cells, in both types/species, there is a marked
increase in apparent epithelization. This is asserted by the observation of the visually
relative increase in expression of the epithelial marker CK3, which is attributable to the
cornea (Schlétzer-Schrehardt and Kruze, 2005) across both human and porcine cells.
In the human cells, K12 (cytokeratin 12) was also observed to be mildly increased
relative to the control culture, increased expression of this marker indicates

commitment towards the epithelial phenotype (Chen et al., 2017).
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The success of the static wrinkled culture, particularly with the human cells,
demonstrated that the dual treatment surfaces can serve as a bio-instructive surface
through passive contact guidance (evident by the clear alignment) and are
dimensionally biomimetic. Moving forward it was decided to further advance the model
and introduce dynamic wrinkle topology as a novel way to simulate niche structural
change. These dynamisations in both human and porcine cells involved the key
transition from a flattened surface to a wrinkled surface with the cells attached. This
particular topological transition was chosen due to the method involved in producing
the dual-treated substrate, sterilisation, and application of coating. Maintaining the
substrate on the stretching frame to keep a flattened surface with minimal intervention
at this stage prevented substrate damage, ensuring the ability to effect further

mechanical manipulations in the future.

In the cases of both cell types used, there was a notable fragility in the handling
of the substrate chips for dynamic culture. However, the ease of access afforded by
using a 6-well plate ensured sufficient access using sterile forceps to minimise
substrate damage in basic manipulation in the relaxation transition from stretched flat
to wrinkle formation in situ after cell seeding. In porcine cell culture, the use of a single
dynamic transition demonstrated the ability to retain live cells without the induction of
significant cell death as determined through the calcein CA/propidium iodide live/dead
assay (Figure 5.22). This maintenance of viability was conserved regardless of co-
culture with 3T3IN cells, however, it was observed that co-culture with the feeder cells
ensured a more even distribution of cells without a “stressed” appearance of tight
clusters of cells which manifested on substrates without the feeder layer. This effect
implies that combined with single dynamization, the feeder does play a key role in

maintaining cell proliferation quality. This conservation of cell population quality is
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observed in other studies using epithelial cells and feeders, therefore the observations
in dynamic culture are concurrent with existing approaches (Sharma et al., 2012, Shen
and Le, 2022). However, it should be noted that both static culture and monolayer
culture maintained better cell distribution in comparison to the dynamic cultures
therefore as a point for future work cell retention during dynamization should be

optimised.

In the porcine cyclic culture, it was shown that cell retention became
progressively limited as more interventions were performed; with each topological
deformation contributing to a loss of cells (Figure 5.23). This observation was
witnessed, but to a much more limited degree, in the dynamized human cell culture. In
dynamic human limbal cell culture, it was noted that there were some observable
changes to contact guidance in association with the stages of stretch-to-flatten and
relax-to-wrinkle in the cyclic periods of the culture. These changes were arbitrarily
measured using image analysis of directionality, this analysis showed there was an
increase in alignment of the cells as the culture progressed from day 3 through to 12
(Figure 5.21). However this method of analysis could not clearly define the orientation
for day 9, therefore straightforward comparison using the histogram data alone is not

feasible.

From the images however, it is possible to see the changes in cell morphology
(cells are more elongated after wrinkled incubation periods). Also, it is possible to see
visible changes in alignment (during wrinkled periods, cells tend to be more aligned
with the vertical). The human cells were more responsive to the changes in topography
due to their inferred mesenchyme/fibroblastic phenotype. The implied greater motility
inherent in these types of cells means that they would show greater sensitivity to a
cyclic protocol, to aid in the validation of the hypothesis that the cells themselves can
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be dynamically influenced through the mechanical manipulation (removal and

reinstatement) of the wrinkled topology (Menon et al., 2015, Batarfi et al., 2023).

Based on the preliminary nature of this work, it is possible to suggest that this
bioreactor system has the potential to be used as a disease model for several diseases
which include structural change over time. The structural changes would focus
predominantly on cells contained within crypt structures such as the POV or wider
limbal crypt as a whole, therefore only LESCs, early commitment corneal epithelial
progenitors or committed corneal/limbal epithelial cells could conceivably be used in
this model The diseases that could be modeled can include those such as LSCD, which
has had the loss of limbal stem cell containing features (the POV) correlated to patient
clinically presenting with the disease (Le et al., 2017). In addition to LSCD other
diseases with structural involvement such as injury-related conjunctivalisation,
whereby the anatomy of the limbus has been physically or chemically disrupted which
results in a breach of the cornea by the sclera with neovascularisation (Lim et al., 2009,
Jirvosa et al., 2011). Modelling this pathology may require the addition of scleral cells
however, the dynamic change in surface topography in addition to scleral co-culture
could present further insight into how the limbal niche architecture helps resist

conjunctivalisation.

5.5 CONCLUSION

Presented in this chapter is the preliminary characterisation of the limbal cell
response across different cell types, (from different tissue sources) to wrinkled
topography as a means to replicate the limbal epithelial stem cell niche. It was
demonstrated that viable limbal cells, presenting the canonical limbal stem cell markers
p63 and ABCG2, were able to be isolated from fresh tissue and subsequently

manipulated by the wrinkled topographies in culture. However, further work is needed
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to fully establish the purity of these isolated stem cell populations and refine the ability
to isolate cells from the longer-term organ culture of human donor tissue. Such further
work should include validatory PCR to ensure marker expression is true and spans all
marker groups; the LESC markers (P63/ABCG2), the corneal markers (CK3/K12) and
include the mesenchymal markers such as vimentin, N-cadherin and fibronectin.
These manipulations manifested predominantly in the observation of alignment in the
human limbal cells and the forced clustering of the PLESCs. Additionally, it was also
demonstrated that organ culture-stored tissue for long periods was able to still able to
produce viable and model-relevant motile cells, that were able to be visibly controlled
by surface contact guidance. Whilst in the preliminary stage of assessment at the
biological level, the assays presented demonstrated that the dual treatment wrinkled
PDMS can influence and control limbal cell behaviour in both static and dynamic
culture whilst maintaining stem cell phenotype, as ascertained by immunofluorescence

in the static culture.

The implementation of collagen in monolayer culture (in well plates/flasks was
demonstrated to effectively facilitate LESC expansion whilst using photocured GelMa
was a good immobilised gel coating, with the enhancement of limbal cell attachment,

that was suitable for wrinkled PDMS applications.

There was also an obvious difference in growth patterns over time observed in
the cells extracted from the different cell sources. The human limbal cells (with the
more fibroblastic morphology) expanded to near-confluent coverage over the wrinkled
substrates, whereas the LESCs from the porcine eyes stagnated in proliferation. The
human limbal cells that were cultured on the dynamized wrinkled substrates (as part
of the stretching frame bioreactor) showed an alternating change in the LESCs
alignment. These observations indicate that wrinkled PDMS surfaces in the dynamic
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bioreactor were able to dictate cell growth patterns. Due to the porcine LESCs tending
to respond to the wrinkled substrates by clustering, it can be concluded that the

alignment response was cell source dependent.

The major implications for this culturing system moving forward are, that there
is a significant disease modelling capacity when other ocular disease variables are
incorporated and the substrate presents an interesting tissue engineering foundation

for ocular applications.
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Chapter 6: Discussion and Overall
Conclusion
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6.1 SUMMATIVE DISCUSSION

With an ever-expanding and ageing population and the prevalence of blinding
conditions such as limbal stem cell deficiency (LSCD) becoming more noticeable, there
is a growing need for effective tissue-engineered models and treatments. Although
LSCD is typically a disease induced through an injury such as a chemical burn, most
often seen in middle-aged males (Vazirani et al., 2018, Cartes et al., 2021), contact
lens wear, multiple ocular surgeries and ocular epithelial inflammation are attributed to
the induction of LSCD (Sejpal et al., 2013). There is a significant quality of life and
working economic motivations for developing long-term sight restorative corneal
therapies, guided by proper tissue and disease modelling for the limbal niche and its
associated pathologies (Velthoven et al., 2023). For example, the development of
regenerative surgical techniques such as limbal stem cell transplant has demonstrated
good outcomes after follow-up (average of 21 months) (Le et al., 2020) and long-term
outcomes (up to 119 months) (Miri et al., 2010). Despite recent surgical
enhancements, there is a prevailing national and worldwide shortage of donor corneal
tissue, reducing the capacity to perform keratoplasties. Therefore tissue engineering
has become an attractive approach, where the use of material scaffolds to facilitate the

re-growth of donor tissue or donor cellular material in vitro is the end goal.
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This research has sought to further this ambition by developing a smart material
capable of firstly achieving biomimicry of the LESC niche in the static form and
secondly facilitating the disease state simulation through topology dynamization.
Polymeric wrinkling was utilised as the mechanism of choice, through the exploitation
of mechanical phenomena typically associated with biological forms and material faults
(Zhao et al., 2020, Tian et al., 2020, Dimmock et al., 2020). This mechanism of material
deformation was exploited within a custom-designed bioreactor setup to simulate the
limbal stem cell niche whilst facilitating cellular characterisation in vitro. Additionally,
the bioreactor system developed in this project begins to explore the possibilities of
recreating pathologically relevant structural conditions through the ability to
dynamically alter the topography with minimal disturbance to the culture setup. The
dynamization of the topography enables the investigation of conditions such as LSCD
by allowing the removal of the crypt-like undulations during culture, thus being able to
study the effect of anatomic feature loss on stem cell presence in vitro. Future work
could focus on this aspect particularly considering conditions like LSCD have
demonstrated a link between a loss of epithelial competency (measured by epithelial
thickness by OCT) in patients with LSCD who present a lack of POV presence (Le et
al., 2016). In this preliminary stage, however, short periods of dynamization were
applied such as alternating cycling or single-period topographical alteration to assess
the cells' tolerance to the induction of surface topographical change through the elastic

material substrates.

Wrinkling was achieved using a novel method incorporating two separate
wrinkling methods, amalgamated in such a way as to achieve a collimated wrinkled
surface which possessed biologically relevant dimensions to the LESC niche. These

material-to-LESC properties were validated against alternate methods in the wider

303



literature, in-depth tissue structural investigations using optical coherence tomography
and mechanical characterisations by optical coherence elastography. As part of the
anatomical investigation by non-destructive means, it was correlated that there was
both structural and mechanical degradation in the tissue with advancing age (visible
by both limbal/epithelial softening and loss of POV undulations). The dual treatment
wrinkled substrates were finally validated for their cytocompatibility in primary limbal
cell culture in the production of the culturing system for LESC expansion and model
development. In the development of the ideal wrinkled substrate, different polymer
wrinkling mechanisms, including the compression-based laminated block method were
tested and excluded in favour of the superior dual treatment method of wrinkling PDMS

chips.

6.1.1 Structural and Mechanical Characterisation of the LESC Niche

The limbal epithelial stem cell niche was structurally evaluated by using an in-
house custom-built spectral domain optical coherence tomography, followed by
mechanical characterisation by optical coherence tomography using the same
equipment in a different configuration. This work was undertaken at and in
collaboration with the University of Dundee. It was demonstrated that this system, in
both the volumetric OCT and the OCE configurations together, effectively facilitated
the virtual dissection of the LESC niche. These techniques followed a definable
workflow wherein the structure and the mechanics of a particular region of interest
within the human tissue samples were investigated, enabling a greater understanding
of the microscale features of the POV. Using OCT and OCE presents multiple
advantages over other modalities, in the first instance, OCT/OCE can produce higher

resolution 3-dimensional imaging and elastographic information within the same
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platform. Secondly, by using light incoherence-dependent image reconstruction,
coupled with only needing to track particle oscillations over a small period, the
agitations needed to perform elastography are minimal (Kennedy et al., 2014).
Therefore OCE has the potential to resolve higher magnification images with less noise

than acoustic methods (Gennison et al., 2013).

6.1.1.1 OCT for Tissue Structural Analysis

Using the OCT configuration the niche was quantified at the microscale level,
the sample population was n = 10 total, segregated into two groups of n = 5 for those
under 65 years old and n =5 for those over 65 years old. This age was chosen as the
most appropriate for segregation as it was the median age in the population. In each
sample, the undulations of the palisades of Vogt (POV) and inclusive epithelial rete
pegs (ERPs)/palisade ridges (PRs) were depth-resolved in the volumetric images, then
intensity profiles were drawn from the en-face aspects of the volumetric cubes. From
the intensity profiles the widths of the ERP and PR features were quantified using an
image-processing method of extrapolating the profiles using primarily ImageJ to
acquire the profile curves, then using simple 4-point moving averaging for smoothing.
For the under 65-year-old group the ERP and PR widths were measured at 33.3 + 4.56
pm and 43.4 £ 4.57 pm respectively whilst the ERP and PR widths for the over 65-
year-old group were 42.8 + 7.8 ym and 29.9 + 3.22 um respectively. These
measurements were found to be concordant in magnitude with another study which

used a similar method of limbal quantification by profiing the ERP and PR
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(Haagodorens et al., 2017). Additionally, these measurements are further reinforced
by measurements made by other modalities including confocal microscopy (Grieve et
al., 2015). Thus it can be confidently said that the processing of the output volumetric
images, using ImageJ and extrapolating the profiles without using a coding package

such as Matlab can give accurate and reliable quantification plots.

The average changes in the anatomy between age groups were challenging to
apply in the analysis of the effect of ageing structurally using this modality. It was
considered that the small population size of samples in each group may account for
the population homogeneity. This effect and loss of testing power however could not
be addressed due to tissue rarity. The average changes, as calculated show a 10.3%
reduction in ERP and a 1.4% reduction in the PR widths from the over 65-year-old
group and to the under 65-year-old group. These reductions in both dimensions
translate into a reduction in total POV prominence, which is concordant to confocal,
scanning electron microscopic and other OCT studies which have drawn similar
conclusions of limbal niche structural degradation with age (Zheng and Xu, 2008,

Notara et al., 2013, Haagdorens et al., 2017).

6.1.1.2 Structure-Guided ROI Identification for OCE

Following the measurement of POV feature dimensions, Young’s moduli of the
epithelium and limbal niche layers were measured from the elastogram images, which
were resolved from 2D vibrational OCE acquisitions of the images of the same region
in OCT. In a method of prosecution similar to the intensity profiling of OCT, the analysis
of the elastograms utilised a method reliant on an image analysis approach utilizing
ImageJ to extract the arbitrary values of the stiffnesses for each anatomical region.

Subsequently calculating the real values against the calibration values (the agar layer
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of exact known stiffness: 14.6 = 0.8 KPa). In all cases, the epithelium was measured
using a linear ROI, as this layer did not present any anatomical undulations or
distortions, therefore the population was measured and subdivided into the defined
age groups. For the under 65-year-old group the epithelial modulus was measured at
41.1 = 34.2 KPa and the over 65-year-old was measured at 31.5 + 20.2 KPa the
magnitude of which agrees with studies employing AFM to study corneal stiffness. In
these studies, corneal modulus was measured to be 50+17.8 kPa at the anterior
basement membrane (Last et al., 2009) and 33.1+6.1 kPa at the anterior stroma, (Last

etal ., 2012).

For the mechanical characterisation of the LESC niche, there was a
comparison of two different ROI types. The linear ROI, which was considered the more
objective (due to its uniformity in pixel coverage and being linear, aside from CSR14)
and the undulating ROI, which was hand drawn to follow the undulations of the POV
as seen in the accompanying structural images. The undulating ROI was considered
a more subjective method due to the hand-drawn nature of this type of ROI. Although
these ROIs were drawn following the structures, these can be interpreted differently
between sample images and, therefore can introduce human error. Thus, it may be the
difference in conceptual approaches of objectivity and subjectivity that has resulted in
the overall difference in output moduli in the LESC niche regions between these
methods. For the linear ROIs, across the entire ten sample population, the LESC niche
modulus was found to be 42.9 + 25.2 KPa and the drawn ROI was determined to be
32.9 + 14.8 KPa. Though the difference was measurable, it was not a significant

difference statistically due to the inherent variation.
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6.1.1.3 Age-Related Changes in Stiffness

When separated into the age groups, for the linear method, the LESC
elasticities were 51.8 £ 30.3 KPa and 31.8 + 17.9 KPa for the under and over 65-year-
old groups respectively. For the undulating method, the LESC elasticities were 34.7 +
14.9 KPa and 27.2 + 13.7 KPa for the under and over 65-year-old groups respectively.
In both methods, there were discernable differences in average LESC niche modulus
with age, with an average decrease in Young’s modulus of 38.6% for the linear method
and 25.3% for the drawn method whilst there was an average decrease in modulus of
the epithelium using the drawn method of 24.3%. Despite none of the comparisons
being found to be statistically significant due to the low test statistical power (due to
subset size and variance), the average percentage differences are sizeable when
appreciated on their own. Out of the two methods, the linear method shows the
greatest difference in LESC niche modulus with age, and being linear to a specified
pixel size is the most objective and, therefore more subjective to systematic error
instead of human error or bias. The observed decrease of modulus with age also
alludes to the idea that the LESC niche degrades with age, as corroborated by the
various observations of limbal structural degradation with age (Zheng and Xu, 2008,

Notara et al., 2013, Haagdorens et al., 2017).

6.1.2 Production of wrinkled substrates for the replication of the LESC niche

The effective characterisation of the LESC niche aided in the primary validation
of the fabrication of a wrinkled surface with a topography biomimetic to the limbal POV
undulations. During the initial developmental stages of the project, multiple

mechanisms of wrinkling were explored. Each method of generating wrinkles upon
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PDMS has its benefits, ranging from simplicity of dynamic alteration (compression of

the laminated blocks) to stability of wrinkle retention in culture (dual-treated substrate).

In conjunction with the development of the wrinkled substrates, the
corresponding bioreactor frames which enabled both wrinkle formation and cell culture,
were designed and produced. Once wrinkled materials were produced, the produced
crypts were analysed for their shape and biomimetic quality. The dual-treated substrate
also demonstrated the ability to undergo true dynamization (flat-wrinkle-flat) whilst
maintaining substrate integrity, an improvement on the original laminated block. These
developments were guided by material mechanical characterisation, allowing for
careful material selection to satisfy the conditions for soft polymer wrinkling (Cai and

Fu 2019, Dimmock et al., 2020).

6.1.2.1 Preliminary Development: the Evolution From Laminated PDMS Blocks to

PDMS Surface Treatment to Form Wrinkles

In a preliminary evaluation, the compression of laminated blocks was
abandoned as an effective mode of wrinkling due to the observation of delamination of
the adhered membrane after compression underwater. The laminated blocks were
initially promising due to their ability to easily produce visible wrinkles and afford visible
reversible changes by changes in compression. However, even in the dry state after
fabrication, full reversibility was not achieved — indicating a compromised layer. It was
later revealed during incubation in an aqueous medium that the membranes had
delaminated from the blocks, despite the use of silicone adhesive, after compression
was applied. Other glue alternatives were considered, however, currently, there are
none suitable for the research application. These considerations were threefold, the
alternative adhesives either: (i) compromised wrinkling formation (by introduction of a
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layer of vastly differing stiffness and compromising the conditions for wrinkling), (ii)
contained incompatible solvents to either the PDMS (solvent swelling) or the polymer
films (dissolution) and (iii) the others were simply considered to be potentially toxic for

cell culture.

Thus it was decided to pursue more promising methods of wrinkling stretch-
based methods. The most effective methods employed moving forward utilised the pre-
stretching of thin PDMS membranes or specially moulded chips before surface
stiffening treatments. Acid oxidation, plasma treatment and the combination of both
into a novel protocol called “dual treatment” were subsequently exploited in the
generation of biomimetic and stable wrinkled topography. These created substrates
were characterised using imaging and physical techniques to assess both the physical
and topographical features to formulate an appreciation of which surface would be the

most biomimetic.

Overall, the pursuit of these types of substrates was predicted to be more
biocompatible for cell culture when the three types of stretch-type wrinkled PDMS
surfaces were compared against PCL and PLGA for their water contact angle. It was
found from the water contact angle measurement that all treated PDMS groups were
more hydrophilic compared to untreated PDMS and the PCL and PLGA membranes.
The water contact angle is considered a good predictive measure of how well a surface
may act as a cell-friendly culturing surface (provided it has non-toxic chemistry), based
on the assumption that adherent cells prefer a hydrophilic surface (Visalakshan et al.,

2019).
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6.1.2.2 Characterisation of Wrinkled Substrates for Limbal Crypt Mimicry

The plasma treatment yielded the smallest width wrinkles (4.12 £ 1.1um) with
dimensions so small that was impossible to measure the depth. Despite this minute
depth, there is a known example of this type of substrate being used in contact
guidance (Amerian et al., 2019). The largest wrinkles were measured in the dual-
treated substrate formulated with 2.5% curing agent (128.2 £ 17.7 ym wide by 39.1
10.3 ym deep) with acid oxidation being intermediate-sized wrinkles. At this level, it
was shown that it is possible to ordinately control the size of wrinkles used by selecting
the method of wrinkling employed. However, this was able to be taken further as in
compression testing it was validated that there was an increasing relationship between
the increasing PDMS curing agent concentration and the Young’s modulus of the
PDMS bulk. Therefore following the simple wrinkle model, and indeed other more
complex wrinkling models, (Allen, 1969, Cai and Fu 2019, Dimmock et al., 2020)
changing the bulk modulus followed by the stiffening by the treatments allowed for a

secondary level of point-of-fabrication control of wrinkle dimensions.

Out of the three stretch-based approaches trialled, only one satisfied all of the
desired properties for use in culture; reversibility of topography, biologically relevant
crypt width and depth and appropriate continuity of wrinkles. The dual treatment
evolved wrinkles satisfied all of these criteria shortly followed up by the plasma
treatment evolved topography, which exhibited the best linearity out of all of the
methods (as determined by scanning electron microscopy and atomic force
microscopy) which was concordant with other examples of this technique (Glatz and

Fery, 2018).
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Acid oxidation of PDMS was an efficient way of producing wrinkles, being the
fastest way to produce wrinkles on PDMS substrates, however, it was the most
unpredictable, riddled with bifurcations, pits cracks and non-collimated features. It is
noted that acid-oxidising PDMS readily produced wrinkled features (when measurable)
of widths ranging from a minimum of 31.4 ym to a maximum of 131.4 ym which fall
comfortably around biomimetic ranges for limbal replication (Grieve et al., Bisheva et
al., 2017, Haagdorens et al., 2017). Generally, this method produced random order
wrinkles despite the application of pre-stretching either by the bending of blocks to
stretch a single exposure surface or the application of bilateral stretch to PDMS chips
which were fully immersed. Practical uses of acid oxidation to create wrinkled
polymeric surfaces are on a micro-scale to create wrinkled beads, which do not require
an ordered surface applicable to cell culture for limbal recreation (Zheng et al., 2018,

Xu et al., 2020).

6.1.2.3 Dual treatment of PDMS as an Ideal Substrate Production Method

However, despite acid oxidation not being directly relevant as a method for
generating wrinkles biomimetic to the LESC niche in this case, it was vital in the
development of the dual treatment method. The decision to develop the dual treatment
method came from the realisation that both plasma treatment and acid oxidation on
their own have opposing pros and cons to each other. Thus it was surmised that the
combination of both of these methods would produce an ideal substrate. It is proposed
that the dual treatment achieved the satisfaction of desirable traits by its stepwise
nature of modifying PDMS to produce a gradient of increasing stiffness from the centre
outwards. The centre is considered to remain unmodified proceeding through to a

moderately stiffened microscale outward layer, created by acid oxidation, to a finally
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silicate-like nano-scale very stiff upper-most shell. This proposal requires further
material testing and high-fidelity mechanical characterisation with other techniques to
validate. However, as explored in Chapter 4, the preliminary OCE demonstrated some
detectable regional differences in stiffness between the surface and the bulk in the
non-referenced acquisitions. This observation was countered by the more
homogenous result observed for the distribution of stiffnesses when the agar reference

was applied to the surface.

An advantage to using the reference material however was the ability to an
accurate average modulus for the tested material for tested dual-treated samples
(97.3+ 47.5 KPa) which is close to the attained value for the tension testing of the
untreated PDMS chips of the same PDMS composition. Thus with future work with this
modality (with further calibration and optimisation), these findings can be unified to give
a more clearly defined correlation of structure and mechanical properties for the
material similar in manner to the tissue in Chapter 3. However, tension testing of the
entire chips post-treatment revealed that each of the treatments was able to change
the mechanical properties of the PDMS by altering the elasticity of the entire substrate
compared to the untreated controls, with all of the treatments except dual treatment
(which requires further validation) stiffening the PDMS chips. The evolution of the

wrinkles was visually apparent, both by eye and microscopically.

The wrinkles were quantified using various imaging techniques including SEM
and OCT, analysis of the compositional changes imparted by treatment methods to the
PDMS proved challenging to resolve at high fidelity. Raman spectroscopy was used
due to its ability to detect the PDMS as a non-control transparent substrate on that
piece of equipment. Despite this advantage, the spectra acquired indicated that only
dual treatment had a significant effect on the resultant output. An increase in the
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Raman intensity of the overall spectrum was the only difference, showing only that the
optical properties have changed; an observation that could be made by eye through

the combined increase in substrate opacity and iridescence.

Additionally, EdX was performed on the sampled at the time of SEM analysis,
this only showed rudimental changes in elemental composition, with few significant
changes, most notable being the detection of sulphur in samples exposed to
sulphonitric acid (acid oxidation). In terms of both elemental analysis and
spectroscopy, these are challenging areas requiring future deeper investigation with

these treated PDMS substrates.

A future focus on the material production aspect of this project would be the
refinement of the production of the dual treatment surfaces. Whilst the dual treatment
surfaces possess many advantages over the different substrate types e.g.
maintenance of better feature linearity, reversibility and feature stability in culture, there
are still some issues to address. These issues include the reduction of the wrinkle
dimension variation, improving linearity and preventing substrate failure during
production. As these substrates are produced by hand, the introduction of automation
would facilitate the standardisation of wrinkle production. Automation would be
required to control and performance of the immersion and the removal of the substrates
from the acid, followed by the enaction of the quenching steps, whilst precisely
controlling the timing of each of these steps to maintain standardisation. In addition to
the automation of the steps, further engineering of the frames may be required to
enhance the application of tension and most specifically enable easy relaxation of the
substrates at the required steps in the production of the substrates. Finally, monitoring
of the storage of the thermally denatured solution may be required to ensure the
sulphonitric acid does not degrade over time in storage, despite being stored in the
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dark, in a sealed Nalgene container. In retrospect, monitoring of treatment acid may
have provided a preliminary elucidation to the variation observed in the production of
both the acid oxidised and dual-treated substrates. pH measurements at regular
intervals of the acid mixture could be an appropriate measure of treatment solution
quality, with comparison being drawn between the solution immediately after
inactivation (when acid reaches room temperature) and after each treatment. A change
in acid pH immediately after treatment could also be used as a preliminary measure of

successful acid oxidation of the PDMS in the wet phase of the dual treatment process.

6.1.2.4 Reversibility of Wrinkled Substrates for Dynamic Limbal Simulation in a Novel

Bioreactor Setup

The material surface and the ability to generate a reversible topography are the
critical aspects of the novel device that was developed. To facilitate the reversibility of
the substrate a stretching frame was designed and assembled using materials which
were resistant to repeated use for frames’ dual purpose. The frames proved successful
as both a tool for facilitating the creation of the wrinkled surface and also importantly
as a sterilisable cell culture device, forming a micro-scale bioreactor system. The
scope of bioreactor systems for mechanical stimulation has generally included bulky
systems that impart large stimuli in expansive culture, examples being the flexcell
pneumatic flexible plate system (Flexcell, USA) or (to measure parameters on a small
scale) such as the TC-3F bioreactor (Don Whitley scientific, UK). However, in the
context of the limbal niche, more subtle mechanical manipulations were required, since
typically the LESC niche changes observed occur at the microscale (Zheng and Xu,
2008, Grieve et al., 2015). It was deemed inappropriate to use a commercial bioreactor

as these mechanical manipulations would have been too vast for limbal applications.
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Therefore a small-scale device was required. A minimalist approach to the design of
the system was undertaken with the core criteria of ease (i) of manipulation, (ii) ability
to apply variable stretch, (iii) facilitate replicates and (iv) having material durability
sufficient to withstand corrosion, sterilisation and handling. The bioreactor developed
comprised of the wrinkled substrate suspended between the pins of the 316L stainless
steel stretching frame, within a 6-well plate (which could accommodate up to six of
these setups within a small footprint) immersed in culture medium. Relaxation of the
substrates from stretched flat to wrinkled could be performed by either adjusting the
inside nuts with forceps in situ or by carefully lifting the PDMS chip away from the
frame. The frame with the attached wrinkled PDMS was autoclaved before culture.
This was one of the steps crucial to maintaining “sterile” conditions, preventing
bacterial/fungal infection of the cultures using the steel frame system. In addition to the
combined autoclaving (and thermal inactivation) of the substrate and frame together,
the GelMa was sterile filtered after reconstitution in PBS and kept in a sterile container
at -20°C in the liquid uncured state, shielded from the light, between uses. Finally, the
porcine cells were isolated using a combination of penicillin, streptomycin, gentamycin
and amphotericin (refer to section 2.2.9.1) and then maintained in a culture medium
containing penicillin and streptomycin. In the isolation and use of human cells,
antibiotic treatment at isolation was not necessary as the donated corneas were
serologically tested for infections at the tissue bank. However, the isolated human cells
were maintained in penicillin and streptomycin containing medium, the same as the
porcine cells, to reduce the risk of infection post isolation. Throughout this research,
there have been no observed fungal or bacterial infections as a result of material and
bioreactor preparation using wrinkled PDMS chips prepared using the stretching frame
for cell culture. This highlights the advantages of using simpler, small-scale devices to

impart the desired mechanical signals to the cells via the suspended substrates.
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Although this design currently lacks the online monitoring or automation that
commercial systems have, this proof of concept forms a very solid foundation for
adding such layers of sophistication in future work. In dynamic cell culture, the use of
the live-tracking stain enabled the visualisation of the cells on the substrates whilst
they were on the frames utilizing the Leica MZ10F fluorescent dissecting microscope
(Leica, Germany), demonstrating how this simple bioreactor setup has the potential to

facilitate on-line imaging.

6.1.3 Preliminary Limbal Niche Model Investigation Using Primary Cells

The developed wrinkled substrates and specially designed bioreactor frames
were tested for both optimisation purposes and the preliminary characterization of
primary limbal cell responses to the wrinkled surfaces. To this effect, both static and
dynamic simulations of the limbal niche have been explored to assess stem cell marker
maintenance, cellular retention on the material surface and cellular viability. Together
this presented an overall justification that the bioreactor system, with the wrinkled

surfaces inside, was able to influence primary limbal cell behaviour from both species.

6.1.3.1 Isolation of Primary Limbal Epithelial Cells from Human and Porcine Sources

The isolation of primary cells utilised a two-stage enzymatic digestion protocol,
which was applied to both species' tissues. Despite consistency in the use of isolation
method, and the use of screening imaging (polarised light microscopy and OCT) to
identify, and demarcate the limbal POV, there was a difference in the cell types

isolated.
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The human tissue yielded cells with a distinctly mesenchymal-like morphology
and presented the mesenchymal/transitional marker vimentin, alongside the canonical
limbal epithelial stem cell markers ABCG2 and P63 (Schlétzer-Shrehardt and Kruse,
2005). Additionally, there was K12 positivity and a weak presentation of CK3. In the
porcine tissue, the cells yielded from the extraction procedure presented the expected
epithelial cobblestone cell morphology alongside the typical LESC stem cell markers
(P63, ABCG2) and weak presentation of the epithelial marker CK3 with nearly no clear

presentation of K12 (Schldtzer-Shrehardt and Kruse, 2005).

It is proposed that storage time in enclosed organ culture may have been
primarily responsible for the loss of LESCs retrievable from the human tissue, whereas
the cells were isolated from the porcine tissues within 48 hours of slaughter, the eyes
were not maintained in organ culture, therefore, were fresh and as close to “in life” as
possible. Although it is reported that it is possible to obtain LESCs from long-term
organ-cultured human corneas (Tovell et al., 2015), throughout this project it has not
been possible to extract ABCG2+/P63+ cells with cobblestone morphology from
human corneas procured from the tissue bank. The hypothesised mechanism is that
prolonged and undisturbed organ culture, whilst may keep the tissues viable, may have
promoted the LESCs to undergo the epithelial-mesenchymal transition (Kawakita et
al., 2005). This effect may have been induced through the removal of pro-limbal stimuli
(such as modulating shear forces) (Kang et al., 2014) or through the removal of pro-
epithelial signals such as the air surface interface (Tang et al., 2023) by culturing the

tissue in undisturbed suspension.
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6.1.3.2 Initial Cellular Testing and Optimisation of the Wrinkled Substrates for Use
Within the Bioreactor System

During the substrate developmental process, cellular test assays were
performed to assess the practical viability and surface compatibility of the trial
substrates being developed. At this stage non-limbal cells were available and in terms
of practicality, it was considered that for such an unknown and at times unstable
system (in particular the laminated block substrates) performing limbal cell isolations
at this stage would have been premature. Therefore, the acquisition of cells from group
stocks which possessed suitable sensitivity to microenvironmental alterations
(therefore were adequate sensors of surface/conditional biocompatibility) was deemed
appropriate. To this end, rat cardiomyoblasts and human embryonic kidney-293 (HEK-
293) cell lines were employed, when they were available to test the substrates during

this developmental trial process.

First, the laminated blocks were tested using the rat cardiomyoblasts, in this first
instance it was proven that during the culture period, the membranes delaminated, as
evident through the visible loss of wrinkle prominence over time. Additionally, there
was an apparent loss of cells over time, however, it was conjectured whether this was
due to the mechanical deformation, as in later assays intentional mechanical
manipulation of dual treatment topographies also led to cellular loss, or there is a
surface-dependent mechanism. However, observations that discredit surface-based
cytotoxicity were the witnessing of viable cells growing on PLGA surfaces in other
studies. Examples of this include the contact-guided controlled growth of hBMCs,
neuronal cells and myoblasts on micropatterned PLGA membrane (Piscioneri et al.,
2023) and the use of PLGA to create membrane-based multilayer liver models which
were viable at nearly two weeks in culture (De Maria et al., 2020). However, ultimately
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the delamination was the critical fail condition for this substrate type for both wrinkle

maintenance and as a culturing system.

Following this discovery, the stretch-based methods for the formation of
wrinkling were tested for their cytocompatibility and their utility as limbal replication
models. Firstly the plasma-treated substrates were explored. Oxygen plasma-treated
PDMS has already been used as a cell culture substrate and also demonstrated the
ability to modulate cytocompatibility through length of plasma exposure (Amerian et
al., 2019). With the application of pre-stretch before plasma treatment, it was
demonstrated that a microscale topography of the smallest order was able to be
generated, as shown in Chapter 4. Despite these wrinkles not being deep enough to
be biomimetic of the limbal POV, it was demonstrated in rat cardiomyoblast culture that

plasma-treated PDMS was able to instigate contact guidance alignment of these cells.

This alignment was visible through the observable difference between control
and wrinkled culture cellular morphologies, the wrinkled topography culture
morphologies were elongated and collimated in the same direction whereas the control
cellular morphology was more spread out and multidirectional. However, due to the
crypt size limitation plasma treatment as a sole wrinkling method was considered a
sub-optimal substrate for anatomical replication. Subsequently, the acid oxidation
protocol for generating wrinkled PDMS was tested for its suitability in the generation of
the model. For this validation, HEK-293 cells were employed, at this stage they were
employed based on cell availability in group stocks but also were deemed a suitable
adherent cell line for validating topographical models. This assumption was based on
recorded applications of HEK-293 in the analysis of the effect of topology on cell

behaviour (Wychowaniec et al., 2020).
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Though the easiest substrate type to manufacture overall, the acid oxidation
alone was by far the least consistent. The topography was prone to pits, bifurcations
and surface aberrations, this led to very random topographies, even with the
application of stretching before acid application. It was observed during cell culture
with the HEK-293 cells that cell distribution at the endpoint of static culture with
substrate type indicated highly variable surface compatibility with the cultured cells. It
Is also worthy of note that the randomly ordered wrinkling type, although showing some
capacity for cellular retention, did not exhibit either a 2.5D or a topological 3D cell
model properties in terms of cellular density, proliferation into/around features or non-
adverse cellular morphological response to the surface. Such responses are typical to
tissue engineering applications and have been investigated in static surface models
such as the RAFT model (Levis et al., 2013) and the study into limbal matrix replication
through topographical and mechanical mimicry with PDMS and polyacrylamide gels

(Kauppila et al., 2023).

The current apex of wrinkled substrate development was the dual treatment
wrinkled PDMS substrates which overall provided the best balance in wrinkling
dimensions and stability. The superiority of the dual treatment method was also the
case when the bioreactor setup was used in limbal simulatory experiments due to the
reversibility of the substrates and their durability on the frames. Therefore after the
successful isolation of both human and porcine limbal cells, it was the dual-treated

wrinked PDMS which was favoured for investigation using primary limbal cells.

6.1.3.3 Coating Selection for an Optimised Wrinkled Surface for Limbal Simulation

Successful isolation of primary cells and selection of the most appropriate

substrate for the bioreactor setup facilitated the testing of the LESC niche simulation
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model. This work encompassed both human and porcine cells, owing to the similarity
in the porcine limbus structurally and phenotypically (Notara et al., 2011, Grieve et al.,
2015) and the utility of having different primary limbal cell sub-types available. The
primary human cells were used to optimise the coating strategy, which was deemed a

vital strategy due to the primary cells not adhering well to non-coated substrates.

The use of coatings, in association with the enhancement of attachment and
cell compatibility (as was their primary function in this project), can serve other cellular
interactive and instructive functions. For example, the use and incorporation of matrix
proteins such as hyaluronic acid can serve a pro-proliferative component in a coating
gel or 3D matrix. Sodium Hyaluronate biopolymer, a form of hyaluronic acid, has been
tested for application in corneal wound regeneration. It was found that the incorporation
of Hyaluronate in culture increases human corneal epithelial cell rate of proliferation
substantially in comparison to the control culture and in the wound healing assay. In
histological staining of rabbit corneas which were treated with hyoluronate, there was
a maintained positivity in the basal limbal stem cell population after wound simulation
and healing, visualised by a presence of CK15 expression (Sudrez-Barrio et al., 2019).
A second key example, which used another matrix component was the exploration of
laminin isoforms as coatings for the expansion of limbal progenitor cells. From this
study laminins-511 and -521 reported a marked increase in rate of proliferation using
the BrdU tracking assay. In addition, incorporation of laminin-511 maintained the
expression of the key limbal progenitor markers Ckl15 and P63, an important
characteristic demonstrating that using a pro-proliferative coating can maintain
stemness characterisitcs (Polisetti et al., 2017). Use of a pro-proliferative coating in
monolayer can also have a secondary utility in the immortalisation of the isolated cells.

Immortalisation is defined by the achievement of a pseudo-senecent state by the by
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the of the loss of function of the p53, pRb and p16 cell-cycle checkpoint pathways
whilst maintaining a proliferative capacity. These characteristics are pro-tumorigenic
characteristics, but prevent cell death. Alternatively this state can be induced by the
introduction and expression of telomerase, either by viral transfection of the active
gene (Magsood et al., 2013). The longer cells are maintained through increased
passage numbers the greater the chance the cells acquiring pro-tumorigenic
characteristics which are required to become immortalised by natural chance, rather
than requiring chemical or viral-mediated transformation. A prime example of this is
the establishment of multiple murine embryonic fibroblast lines after primary isolation
by maintaining them until high passage numbers (Camarasa et al., 2009). Although
there has been no specific current studies found in the immortalisation of LESCs using
coating-based protocols, the maintenance of primary isolated cells, with a coating
designed to promote cell attachment (such as collagen and GelMa as explored in this
project) conjoined with a pro-proliferative component such as laminin could potentially
be used to immortalise the LESC type. This could be a focus for future work in the
refinement of isolating LESCs and achieving immortalisation, whilst preserving native

stem cell characteristics, for use in research and potential medical applications.

The first coating trial was polydopamine and polydopamine collagen, as they
are reasonably inexpensive and give a very visible process in the modification of PDMS
for matrix protein immobilisation and have had recorded uses in the culture of cells in
PDMS microfluidic devices and biocompatibility testing (Dabaghi et al., 2021, Yang et
al., 2022, Li et al., 2023). However, due to the presence of black deposits interfering

with imaging, polydopamine-incorporated coatings were abandoned.

A photocured gelatin methacrylate (GelMa) coating was instead developed,
wherein a photocuring agent incorporated in the gel mixture, enabled the GelMa to
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bind to the surface of treated PDMS (and resist washing) after photocuring with 405nm
UV light. Both human and porcine cells seeded on this coating demonstrated good

outcomes and sensitivity to the underlying wrinkled topography.

6.1.3.4 Cellular Response to the Static and Dynamic Wrinkled Topography

In static wrinkled culture, the human cells displayed cellular morphological
adaptations which were arbitrarily measurable through orientation analysis of the
fluorescent images. This analysis showed that the wrinkled surfaces induced cellular
alignment which conformed to the topography. However, phenotypic expression was
not significantly altered, demonstrating that the wrinkled surfaces were able to
preserve the stem cell phenotype by preserving the ABCG2+ and P63+ expression in
these cells. Additionally, when cultured on wrinkled surfaces, there was a noticeable
increase in the expression of CK3, indicating a potential commitment towards a more

epithelial phenotype.

In human dynamic culture, the results were more difficult to define, though it is
safe to conclude that mechanical intervention significantly reduces cellular retention
on wrinkled surfaces. However, throughout the application of tension to the substrates
to remove the wrinkles and tension removal to (re)produce the wrinkles there were
some visible changes to cell distribution and morphology. During the formation of
wrinkles, the cells appeared to adopt a bipolar-spindled morphology and be more
aligned compared to the relatively random orientation of the cells when the substrates
were flattened. These observations are supported by the notion that these human cells
are mesenchymal-like and, therefore have an increased motility and inclination to
change their morphology to conform to a given surface topography, as a contact

guidance mechanism (Menon et al., 2015 Hileuskaya et al., 2023).
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The isolated porcine cells maintained their cobblestone morphology through
passages and showed good proliferative capacity through the effective implementation
of collagen-coated flasks/wells. However, when transferred into the wrinkled culture
the cells adopted a clustered morphology and a truncated proliferation profile,
displaying a declining trend with time as determined using the CCK8 metabolic viability
assay. This pattern indicates that such a configuration of topography and the GelMa

layer may not be entirely adequate for the cultivation of a purer population of LESCs.

In such a complex model it is difficult to accurately pinpoint with a definitive
hypothesis the cause of the truncated growth pattern. Altering the Gelma composition
to affect surface stiffness properties in the gel layer (in concordance with the
underpinning theory behind compressed collagen studies where the stiffness of
matrices was studied on limbal cell growth (Jones et al., 2012)) may be a viable
approach. Alternatively, the topography itself may be the issue where the more
mesenchymal-like cells of the human isolate cells were more readily plastic in terms of

topological conformity and proliferated to near confluence in static wrinkled culture.

The porcine cells' preference to form colonies may have spatially impeded cell
proliferation after attachment. It is considered this may be due to the presence of
relatively stiff topological formations causing physical barriers, resulting in the
clustering effect. There are no findings or characterisations for this observed
phenomenal cellular mechanism in wider literature or works, within limbal cells or
epithelial cells as a wider field to make a comparison. Considering the cells were still
alive in culture (albeit at a slow decline with time), this phenomenon would suggest that
the induction of clustering would have gradually induced an anti-proliferative pathway
(but not to such an extent to be detectable with live/dead staining). Somewhat similar
(at a couple of orders of magnitude larger) to the nanostructures used to inhibit breast
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cancer cell proliferation (Tavangar et al., 2016). However, considering the atypical
growth pattern, the porcine cell maintained their P63+ stem cell positivity but also
expressed CK3, the epithelial marker. This indicates there was a potential differential
transitional effect towards corneal epithelium (Schlétzer-Schrehardt and Kruse, 2005,

Gouveia et al., 2019), even in the cells’ proliferative decline.

6.3 CONCLUSION

6.3.2 Research Conclusion

The research which is the subject of this thesis sought to establish answers to
several questions concerning the simulation and characterization of the corneal limbal
epithelial stem cell niche. This thesis describes how the work undertaken satisfies
these research questions (as outlined in Chapter 1, section 1.7) and the further

objectives and aims of the research.

This research aimed to (i) characterize the LESC Niche using the non-destructive
modalities; (ii) validate the concept of engineered, tunable wrinkled polymer
topographies which effectively replicate the limbus; and (iii) produce a dependable

bioreactor with the capacity for biomimicry of the LESC Niche.

In terms of whether a biomaterial system has been designed as validated
against in-depth characterization of human tissue, it can be said that this has been
achieved. Through an intensive investigation using OCT and OCE, the human LESC

niche was characterized structurally and mechanically, with age-dependent effects
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observed in the tissue. This characterization has served as a suitable reference for the

bioreactor/material development.

When considering whether wrinkled polymer substrates can be consistently
produced to a standard which simulates the LESC niche for practical application the
findings are that the stretch-based methods each have their merits. Each of the
explored methods has its separate applications for the generation of wrinkled
topographies of different morphologies at different scales and utility, with the dual-

treated substrates being the most favourable.

In assessing the extent to which the surface engineering process configured
wrinkled topographies that replicate the LESC niche and enable limbal stem cell growth
with fate control. It was determined that after coating optimization alongside the use of
dual-treated substrates (which were deemed to be the optimum surface) both limbal
cell growth and fate control could be enabled with these surfaces. These effects were
observed to the extent of being able to visually influence CK3 expression (the epithelial
marker) and mechanically influence cell growth patterns by contact guidance/inhibition

on the surface of the wrinkled substrates in both species.

The research determined that the ability to modify the generated wrinkles
enables the mimicking of either the ageing process or a diseased state through the
use of returnable biomimetic wrinkled substrate surfaces. Out of all methods tested
(including the laminated blocks), it was the dual treatment method which tolerated low-
repeat cyclic dynamization, with minimal material failure, fitting with the requirements

of a cell-safe and functioning dynamic bioreactor system.

In determining the benefits of the dynamic model compared to the static model,

the conclusion is that dynamization induced cell loss during topographical transitions.
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However, the remaining cells were shown to be susceptible to morphological changes
imparted by the changes in topography. Concerning developing practical applications
for the dynamic model, it is the opinion of the author that future improvements to
cellular retention and exploration in higher cell density (towards tissue density) studies
would hold value in the limbal epithelial disease model. In particular, this value could

be extended further by incorporating OCE with the dynamic model.

Overall this work has set out to achieve three major objectives. Firstly to further
the characterisation of the limbal epithelial stem cell niche using non-destructive
modalities. In concert with this characterisation, a substrate-centric bioreactor system
was designed and developed to replicate and investigate the limbal anatomy in an in
vitro setting. Finally, the last objective was to begin to test the bioreactor model through

the preliminary analysis of the cellular response to the topographies.

The utilisation of non-destructive imaging techniques has brought deeper insight
into the microstructure of the LESC niche, using high-resolution volumetric OCT it was
possible to “virtually” dissect the samples. From these virtual dissections, it was
possible to obtain limbal anatomic dimensions using basic image processing
techniques which rival using more complex programs to achieve similar results. In
addition to using simplified methods, these also revealed that even in a small sample
size of low statistical power (ultimately leading to limiting the statistical significance).
There was a reduction in crypt prominence with advancing age as evidenced by

reductions in both PR and ERP width in the older age groups .

In OCE, a similar image analysis approach was used to analyse the tangential

cross-sectional elastograms acquired from the limbus. Using this method of analysis
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the pervasive limitation in statistical power remained, however with advancing age
there was a decrease in Young’'s modulus of the LESC niche region, no matter how it
was defined using ROI selection. The limbal niche stiffness, as found by the drawn
method was shown to decrease from 38.7 + 14.9Kpa in the under 65-year-old group
to 27.2 + 13.8 KPa in the over 65-year-old group (29.8% decrease). However, it was
determined that there was a large disparity in the percentage difference between a
straight ROI through the LESC niche layer and an undulating ROI which followed the
undulations of the POV as drawn following the structural images. It was calculated that
the drawn method yielded results which were 23.3% softer, leading to the assumption
that linear ROI's incorporate more stress concentrations which are avoided by
structure-guided undulating ROI’s. Together these characterisations of LESC niche
dimensions and mechanical properties give a correlated perspective of LESC niche
microstructure niche and microscale elastic properties and demonstrate there were

resolvable changes with age, even in a small and varied population.

The design and development of a novel bioreactor took a dual pathway, first,
the design of a frame suitable for small-scale culture facilitated ease of access, and
manipulation of materials and were able to be sterilised suitably. Ultimately these
criteria were satisfied with a frame designed to fit within commercially available
cultureware and designed specifically for substrate chips produced for use in this frame
for static and dynamic culture. Through the choice of highly robust materials in the
frame design, coupled with the all-round simple functional design of both material
substrate chip mould shape and frame arm shape, the frames were not only useful as
the actuator of the bioreactor but also as the primary mechanism for producing
wrinkles. In conjunction with the bioreactor development, wrinkled material substrates

to fit within the bioreactor frame were also developed. Initial trials revealed that a
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tension-based system was considered the most useful system, with wrinkle retention
and substrate integrity being the foremost concerns with previously discarded
methods. Within the tension-based methods of producing wrinkle substrates, there are
three different principle methods, (i) plasma treatment, (ii) acid oxidation and (iii) dual

treatment methods.

Out of these three methods, the dual treatment proved to create the most stable
wrinkles which possessed dimensions closest to the undulations of the POV within the
LESC niche. These dimensions were the peak-to-peak width ranges of (45.51 pm —
145.9 um) and depth ranges of (12.46 pum — 49.4 um), values which can be correlated
to observations of the limbal architecture made during the exploration of the LESC
niche using OCT. The dual-treated wrinkled PDMS was the only stretch-based group
to be able to undergo the flat-wrinkle-flat transition, thus allowing crypt morphological
changes at the micro-anatomical level in situ during culture in a highly accessible

platform.

In the pursuit of the final aim wherein the effect imparted upon the cells was
explored in this preliminary study. Firstly the cells were isolated from two different
primary sources, human corneoscleral buttons acquired from an NHS tissue bank and
porcine eyeballs acquired from an abbatoir. Between the two sources, it was observed
that the two different tissue sources seemed to produce slightly different cell types,
despite being isolated from the same anatomical region, using the same method and
pre-screening steps to verify POV presence before cell isolation. However, both of
these cell types presented the stem cell phenotype associated with LESCs and weak
presentation of the epithelial phenotypes in both cells. The substrate culture appeared
to strengthen the expression of the epithelial phenotype by increasing the visible
expression of CK3 in both species but maintained the expression of the limbal stem
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cell markers as seen by the maintenance of ABCG2 positivity in the human cells and
P63 positivity in both species. Culturing the limbal cells from both sources on static
wrinkled substrates revealed differing effects unique to each tissue source. The more
mesenchymal-like human cells demonstrated more exaggerated and elongation
alignment (when cultured on the substrate-bioreactor system) in comparison to the
PLESCs which tended to form tighter clusters rather than the expanded colonies
observed in monolayer. The dynamic culture was established in both species wherein
changes in cellular retention were observed during transitions of state between the
stretch and relaxation of the substrates. However, particularly in the human limbal
cells, changes to the alignment and the morphology of the cells between transitions
were noticeable. Due to the porcine LESCs tending to respond to the wrinkled
substrates by clustering, it can be concluded that the alignment response was cell
source dependent. The species-specific response to the wrinkled substrates could be

an avenue of potential optimisations to be considered in future work.

This thesis presents the case that the practical method for in vitro LESC growth
demonstrates an original contribution to knowledge, through the design and validation
of a novel bioreactor and surface wrinkling technique with dynamic modification
capabilities. The author concludes that the research aims and objectives, defined in
section 1.7, have been satisfied through the application of appropriate research and

development activities and the subsequent analysis described in this thesis.

6.3.2 Future Work

The overall objectives of the project have been achieved but there is an exciting
wealth of future work which could be taken forward with this system to further

characterise the effect of the wrinkling process on the materials and the effect of the
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wrinkles surface topography on the cell biology. In turn, this will provide key insight into
the propagation of degenerative disease after the observed loss of anatomy in
diseases such as LSCD, fibrosis from injury and ageing, therefore have potential

application as a clinical modelling tool for limbal epithelial disease.

The virtual exploration of the limbal epithelial stem cell niche revealed that both
the structural and mechanical properties of this sensitive and architecturally
sophisticated tissue could be resolved and correlated together at the microscale.
However, the potential variance between the operator and the method of analysis was
witnessed. In this research, ImageJ was primarily used as the method of extrapolating
OCE data, this was due to MATLAB software accessibility and machine capability. As
a limitation however, ImageJ compressed the elastogram data, which may have been
a source of variation. In future work, with access to MATLAB, further processing
refinements can be made to increase the accuracy of the final results (by analysing the
raw uncompressed elastography data) and reduce variation within the analysed
datasets. Additionally, expansion of the overall dataset number would increase the
statistical power of the dataset by reducing the overall variation, facilitating better
grouping of the data which would subsequently reduce the range within the groups.
There is a need for further work in the standardisation of the analysis of both OCT and
OCE data so that the analysis of datasets can be more unified and in agreement. Once
standardised the OCE technology has a potential application to be used in corneal
defect screening and analysing the limbus as a predictive effector for these defects by
detecting stiffening of the limbus and a loss of limbal niche micro-architecture. Coupling
the mechanical measurement with the structural imaging is a much more powerful tool
for diagnosis than OCT (visual structural analysis ony) alone. With future work,

mechanical and structural profiles for different disease states including pterygium,
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LSCD and natural aging could be built up to aid in more efficient diagnosis. To facilitate
this, cadaveric corneas containing these defects would need to be acquired to test the
current system. Following this subsequent test the OCE configuration would need to
be altered and tested to optimise the application of the vibrational shaker to the face
and determine the optimal placement for the transmission of the vibrations through to
the ocular surface to acquire accurate elastograms. An additional advantage of this
future would be the more precise monitoring of applied treatments. With frequent
monitoring, post operative fibrotic changes or graft rejection may be detected sooner
by surface mechanical measurements, before more obvious visual changes (detected
by eye or OCT) are seen or subtle changes in sensation (which may be masked by
pain medication) are detected, enabling sooner and more effective ameliorative

interventions.

This research aimed to broadly design, develop and use a novel
biotechnological application to investigate the limbal epithelial stem cell niche. This
thesis describes the working small-scale bioreactor designed for multi-replicate testing
using in situ modifiable biomaterial constructs during culture. There is still a huge scope
for further work. For example, on the material front, there is a requirement to further
characterise the surface chemistry modification of the PDMS through the dual
treatment process, using either high fidelity spectroscopic techniques, for example,
liquid nitrogen cooled Fourier Transform Infrared Spectrometry would potentially give
a higher resolution of surface bonding compositional analysis (Finton et al., 2022) or
dedicating resources to refining the collection and analysis of Energy Dispersive X-
Ray data (EDX) using scanning electron microscopy. Additionally, there is some room
for further exploration in the mechanical testing of material, firstly refining the optical

coherence elastography of the materials. Secondly, micro-scale resolution techniques
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such as nanoindentation have already been used in testing silver fiber-embedded

PDMS for electronic applications (Maithani et al., 2021).

Out of all tested substrates only the dual-treated came out as the most
biologically relevant. In terms of generating a tuneable wrinkled surface, further
exploration is required for either the refinement of the current dual—treatment wrinkling
technique or an overhaul to improve the depth dimension evolved from the substrate.
Whilst the lateral width (peak to peak) of the wrinkles was the most promising,
particularly using the softer formulations of PDMS, to create dimensionally biomimetic
structures to replicate the POV horizontally (Grieve et al., 2015), they have yet to fully
achieve this vertically to achieve the biomimetic crypt depth (Dua et al., 2005,

Haagdorens et al., 2017).

The most expansive and exciting prospect for future endeavours lies in the
characterisation of the cellular response to the topography. Presented here are the
preliminary findings of the cellular responses, which have provided some valuable
insight into how the limbal cells behave in this model environment. However, where
this model currently falls short is in the in-depth molecular analysis of how the cells
respond, currently, flow cytometric and PCR analysis has proven to be outside of the
current capacity with these cells. That said, with further investment into outsourced
technologies and custom applications, there is significant potential to elucidate precise
mechanisms at the molecular level involved in anatomy-dependent stem cell
maintenance. Particularly of interest would be the investigation of the wnt-catenin
pathways and the YAP-TAZ pathways, the former being a known limbal stem cell
maintenance pathway (Gonzélez et al., 2019) Whilst the latter is defined as a
mechanobiological pathway associated with corneal epithelial stem cell control
(Gouveia et al., 2019). This study could take the form of the comparison of the
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expression of key pathway components, for example analysing the expression of -
catenin accumulation (and correspondence to LESC phenotypical marker
preservation) in both monolayer and static wrinkled culture or conversely the
expression of SMADs (and their correspondence to corneal phenotypical marker
expression) to monitor and assess corneal differentiation . To assess the involvement
of the YAP-TAZ mechanobiological pathway, assessment of the effect of dynamization
of the substrate topography during culture and the effect on the pathway components
expression would elucidate the involvement of a mechanobiological “switch” in
response to a dynamic niche. The involvement of the YAP-TAZ pathway could be
checked by comparing the expression of YAP during static culture, wrinkled culture

and finally at various timepoints during dynamic culture.

This material substrate-bioreactor system has great potential in the biomimicry
of the LESC niche. As already established there is a capacity for substrate
dynamization in situ in culture to enable fine control of the artificial niche dynamics.
Where further optimisation is required is in the improvement of cellular adhesion during
transition phases, whether this is in the utility of a more gradiented approach to
substrate stretch and relaxation, modification of seeding density at the start or the
modification of artificial matrix coating used in substrate design. When these
optimisations are complete, this system could be a very powerful tool as a surface-
based mechanobiological bioreactor system for micro-scale anatomical disease
modelling, in particular LSCD and other corneolimbal conditions. On the basis of this
disease modelling, the bioreactor system using primary isolated LESCs could be used
as an in vitro testing platform for limbal remedial approaches and optimisation of
treatments applied to the limbal region. This could provide pre-clincial testing

information in a treatment development process in a way that circumvents the technical
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and ethical issues which arise from relying on animal models. Additionally, if cell
coverage and distribution could be further optimised in LESC culture, the static
substrate culture could be used as a way of maintaining isolated stem cells for
transplant for potentially longer periods of time ex vivo. It is hypothesised that both
matrix and anatomical biomimicry could enable the isolated cells to maintain their
stemness for longer and improve transplant efficiency after a longer period of storage,
enabling an “intermediate length of time” option for the maintenance of donor
transplant cells before the procedure. This could remove the complication of precise
and short time constraints on donation to transplant procedure scheduling and allow

further expansion of cells for transplant if donation numbers are small.
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