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Abstract

Trauma, cancer or congenital conditions can lead to the loss of facial cartilage resulting
in altered function and form. Tissue engineering (3D-printing) has the potential to
create bespoke cartilage implants for reconstruction with biomaterials as ink carriers
loaded with patient cells. There is rising interest in nanocellulose as a bio-ink
candidate, but relative paucity of studies investigating an all-natural hybrid bio-ink
inclusive of alginate (most common natural bio-ink material) and hyaluronic acid (HA)
(native component of human extra-cellular matrix). This study aims to: i) evaluate the
cytotoxic and pro-inflammatory effects of each bio-ink components individually and
combined as bio-inks; ii) create an advanced 3D in vitro model for biocompatibility
testing; and iii) apply the model for toxicity testing, refinement of bio-ink formulations
and further model characterisation with differential gene expression analysis.

Six forms of nanocellulose, alginate, HA, and two cross-linker agents were
investigated for their biological impact to human chondrocyte C20A4 and dermal
fibroblast HFF-1 cell lines. Material sterility was determined by microbial growth
assay. Cell-line characterisation and material exposures (21 days) and cross-linker
exposures (7 days) were examined for cell viability, morphology and pro-
inflammatory mediators (IL-6/IL-8) release. Minimum cross-linkage time and
rheologically defined gelation behaviour of bio-inks with calcium chloride (CaCly)
permitted completion of a standard operating procedure for the creation of an advanced
3D in vitro model. To mimic the implanted in vivo scenario, the in vitro model
consisted of chondrocyte-encapsulated and fibroblast surface-seeded cross-linked
hydrogels. RNA extraction via the spin column technique with optimisations were
performed. Differential gene expression analysis was conducted using Nanostring
against the nanocellulose-based bio-ink with the 3D in vitro model.

All materials maintained sterility over 21 days, except for pulp-derived nanocellulose
which were excluded. Material exposures (chondrocytes: nanocellulose/alginate/HA,;
fibroblasts: alginate/HA) showed no significant cytotoxic effects over 21 days.
Enzymatically pretreated nanocellulose (ETC) displayed the lowest pro-inflammatory
effects when exposed against chondrocytes, with trends of carboxymethylated(CTC)>
TEMPO-mediated oxidised(TTC)>ETC on D1-7 and TTC >CTC>ETC on D14-21.
CaCl; exposure on fibroblasts demonstrated a dose- and time-dependent cytotoxicity
supporting use of the lowest concentration and shortest cross-linkage time to minimise
adverse cellular impact. Testing of optimised bio-inks (ETC:Alginate and ETC:
Alginate:HA at 6mg/ml in media) demonstrated that nanocellulose-based bio-ink
inclusive of HA was superior for chondrocyte proliferation. Heightened IL-6/IL-8 and
lactate dehydrogenase release at latter timepoints indicated the need for further model
development. Nanostring was successfully applied for differential gene expression
analysis, which corroborated pro-inflammatory effects observed via cytokine
quantification, as well as identified multiple areas of interest for further research.

Overall, ETC was shown to be a promising bio-ink candidate, and when combined
with alginate and HA, formed a complete bio-ink formulation specific for 3D-
bioprinted cartilage constructs for reconstructive purposes. Biological and rheological
testing identified optimal parameters for bio-ink and in vitro model creation, whilst
RNA extraction from chondrocytes encapsulated within cross-linked bio-ink was
feasible and applicable with the Nanostring technology.
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Chapter 1: Introduction
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1.1 Introduction

Significant facial disfigurements, including nasal and auricular defects, from trauma,
burns, cancer and congenital conditions, affect 1 in 111 people in the UK!. Unlike
tissues with self-healing properties such as bone and liver, cartilage, which provides
structural support to the nose and ear, has a low regenerative capacity® 3. Current
reconstructive techniques with autograft (cartilage harvested from the patient) create

+12 whilst synthetic

additional scarring, pain and are limited by donor-site availability
implants are at risk of infection, extrusion, deformation and foreign-body reaction!'3-
15 Neither faithfully replicates the anatomy and architecture of the lost tissue, with
resultant functional limitations and asymmetry. Tissue engineering potentially offers
an alternative strategy by seeding chondrogenic cells in biomimetic scaffolds to
produce bespoke engineered cartilage using patient’s own cells for facial defect
reconstruction. Cartilage, composed of a single cell type (chondrocyte) and
extracellular matrix (ECM), is avascular, aneural and alymphatic. Its simplicity in

structure and composition relative to other body tissue types may allow more rapid

progress from bench to bedside.

Since the early 1990s, there has been an expansive volume of research in tissue
engineering, both in scope and depth addressing a variety of human tissue types!'®.
Areas of research focus include the three core compositional elements (material, cell
and biomolecules), methods of assembly (e.g. additive manufacturing), infrastructural
and scale-up processes and technologies (e.g. bioreactors). This is paralleled by an
estimated world market value of USD 9.9 billion in 2019 and a predicted rise in

1718 Despite such promise, tissue engineered

investment of 14.2% in ensuing years
products (TEPs) have yet to be translated successfully into clinical practice. In 1997,
Vacanti’s landmark study entailed the implantation of a tissue-engineered, human ear-
shaped cartilage made from bovine chondrocytes seeded onto polyglycolic acid
(PGA)-polylactic acid (PLA) scaffolds into nude mice!®. External stents were required
to maintain form. Subsequent reports on tissue-engineered cartilage for head and neck
applications by and large are limited to in vitro or nude mouse models®® 2!, with
relative paucity of success in immunocompetent animal models or clinical studies?*25,
This, in part, is attributed to the marked immunological response in recipient sites®”
28, Constructs are subjected to inflammation, fibrosis and foreign body reaction when

implanted into immunocompetent animal models®® 3°. Whilst scaffold-free cartilage
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constructs implanted subcutaneously have been successfully described, involving
chondrocyte suspension!> %2, engineered cartilage sheet’® 3%, and decellularised

chondrocyte extracellular matrix?>

, cartilage reconstruction of the head and neck
necessitate precise, specific and stable form which can withstand shrinkage and
mechanical forces once implanted. These are inadequately addressed via the

aforementioned approaches.

With regards to clinical translation, articular (joint) cartilage regeneration, a dominant
focus within cartilage tissue engineering, are relatively more advanced compared with
head and neck reconstruction applications. Multiple commercial products are in

market, with a number of phase III clinical trials evaluating product efficacy.

Largely limited to the application of ‘autologous chondrocyte implantation’ for
treatment of small articular cartilage defects (i.e. <2-4cm?), these products serve as
cell carriers for autologous (patient-derived) chondrocyte population expanded ex
vivo, to be applied to the articular cartilage defect to stimulate innate cartilage
regeneration. Examples of such products include MACI (bilayer collagen type I/I11),
NeoCart® (honeycomb bovine type I collagen), NOVOCART® 3D (bilayer type |
collagen sponge containing chondroitin sulfate), CARTISTEM (hyaluronic acid-based
hydrogel), Hyalograft® C (hyaluronic acid-based microfibre mesh) and Cartipatch®
(agarose and alginate hydrogel)*®37. Noted commonality includes the predominance
of natural materials such as collagen and hyaluronic acid, but also their injectable or
malleable form. The latter, with an associated low mechanical strength, are insufficient
for the biomechanical requirements for head and neck cartilage reconstruction

scenarios.

Over 6,000 patients were treated with NOVOCART®3D in Europe since 2003. This
is a two-staged procedure, with a three-week interval for cell expansion. The phase III
trial comparing NOVOCART®3D against microfracture surgery in the US which
begun in 2013 involving over 200 participants®® 3, has an estimated study completion
date in December 2027. CARTISTEM, also targeted for knee cartilage repair, utilises
umbilical cord blood-derived mesenchymal stem cells instead of chondrocytes,
showed superior results when compared to microfracture at 5-year follow-up in a
Korean randomised controlled trial involving 73 participants®’. Microfracture surgery,

the comparator intervention in both phase III trials, exposes the subchondral bone
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marrow, resulting in a blood clot in the cartilage defect to stimulate innate cartilage
repair. Whilst short term results are promising, outcomes from longer term studies are
equivocal®’. Alongside this, reports suggest that such scaffolds fail to maintain their
structure and transform to a gel-like form following implantation and inadequate
mechanical strength contributes towards the generation of fibrocartilage instead of
hyaline cartilage with inferior functional properties for articular cartilage repair*!.
Therefore, indication for use of current commercial engineered cartilage products
remains limited to those with early or focal cartilage damage, with cost being a
defining limiting factor when compared to microfracture procedures in a pure clinical
setting outside of research trials. Severe osteoarthritis, a key driver for articular
cartilage tissue engineering, requires a product which supersedes current performance
of artificial joints. The lifespan of a total hip replacement averages at 15 years, with
58% lasting 25 years*?. Whilst the availability of commercial products suggests
translational progress and are encouraging, tissue engineered cartilage that can
withstand substantial load bearing with proven longevity remains elusive, as is the

challenge of creating functional cartilage for head and neck reconstruction.

In head and neck reconstruction, a series of tracheal reconstruction utilising synthetic
scaffold and non-tissue specific stem cells was a high-profile failure at the Karolinkska
Institute in 2008%%. Shortly after, Yanaga et al successfully performed ear
reconstruction in four patients with microtia (congenital absence / malformation of the
ear) in 2009 with a two-staged procedure. Autologous chondrocytes were injected into
patients’ lower abdomen which developed into a block of neocartilage. These were
explanted at six months and carved into the shape of an ear before implantation32.
Whilst cell manipulation was performed, the absence of a pre-shaped scaffold
translates to a lack of control over the shape of the neo-cartilage. In 2014, autologous
nasoseptal chondrocytes expanded ex vivo over four weeks, seeded on collagen I and
I1I membranes, were successfully implanted in five patients with nasal alar defects*.
However, in terms of implant volume and shape complexity, nasal alar reconstruction

is significantly less demanding compared to that for total ear or tracheal reconstruction.

Distinction between head and neck reconstruction and articular cartilage repair
applications include varied functional demands and implantation site. Articular
cartilage is subjected to recurrent loading with micro-trauma, whilst auricular (ear)

cartilage may be impacted by extreme torsion and deformational forces. Cartilage in
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the head and neck are also of complex form, such as the ear and nose. Implantation
site may also influence the immune and foreign body response engineered cartilage
are subjected to. Constructs intended for articular repair are placed in joint spaces
bathed in synovial fluid, contrasting with the vascular subcutaneous, sub-fascial or
sub-muscular implantation sites of the head and neck. Despite such differences, given
the volume and advances in articular cartilage tissue engineering and a common cell

type (chondrocytes), learnings can be taken for head and neck applications.

Whilst not exhaustive, leading areas of focus for research in cartilage tissue
engineering are the three core compositional elements - material, cell and
biomolecules. Using materials as an illustrative example, the sheer number of
engineered materials pose a substantial challenge in toxicological testing. Materials
used as scaffolds can be categorised as natural (e.g. alginate, hyaluronic acid, collagen,
chondroitin sulfate, chitosan, gelatin, fibrin, silk fibroin)*’-* and synthetic (e.g.
polyethylene glycol, poly (lactide-co-glycolic) acid [PLGA], polycaprolactone [PCL],
poly(ethylene glycol) [PEG], polylactic acid [PLA])’>*, as forms (e.g. solid,
hydrogel, sponge, film, mesh, emulsion and pre-formed versus in-situ forming)®°, and
be functionalised yielding altered structure-activity relationship. The vast volume of
material options is further compounded by hybrid or composite materials, with
differences in design to be bio-stable versus degradable, inert or biologically active®!:
62, The heterogeneity in approach underlies an unmet need and the complexities of
tissue engineering. With the focused application of a nanocellulose-based bio-ink for
3D bioprinting cartilage in mind, an overview of human cartilage and nanocellulose,

the core component of the bio-ink under investigation, will be discussed.

1.2 Human cartilage
1.2.1 Extra-cellular matrix composition

Cartilage is a specialised connective tissue composed of cells and extracellular matrix
(ECM). Fibres, resistant to tensile forces, are embedded within a gel-like ground
substance which counteracts compression, together forming the ECM®. The function
of ECM, whilst previously thought to be limited to providing structural support,

includes modulation of cellular function and phenotype, influencing cell survival,
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development, mitotic activity, migration, including that of the immune system. Ground
substance is amorphous, composed of three families of macromolecules:

glycosaminoglycans (GAGs), proteoglycans and cell adhesive glycoproteins.

GAGs are negatively charged, long, unbranched chains of repeating disaccharide
(sugar) units. Its negative charge attracts cations (such as sodium - Na*) and the high
sodium concentration in turn draws in extracellular fluid leading to a highly
hydrophilic ground substance. The high water content directly contributes to its turgor
and ability to withstand compressive forces and accounts for 65-80% of the weight of
hyaline cartilage®*. Hyaluronic acid (HA) and chondroitin sulfate are key GAGs of
cartilage ECM. They differ by the number of repeating disaccharide units (chondroitin
<300; HA <10,000), molecular mass (chondroitin 1-3x10*Da; HA 107-10®Da) and

presence of sulfation (chondroitin only)%?.

Proteoglycans, with a bottle brush-like structure, are composed of a protein core
forming the linear backbone and multiple sulphated GAGs as sidechains®. The
sulfation of chondroitin permits covalent binding (strong, ‘permanent’, chemical
cross-linkage) to the protein core, distinct to the attachment of HA via noncovalent
ionic binding reinforced by small link proteins. Aggrecan is a cartilage-specific
proteoglycan, and large owing to its attachment to HA which can be up to 20pum in

length. It contributes to the gel-like state of ground substance.

HA, a component part of the bio-ink under investigation, appears to have intracellular
function. Synthesised at the cytoplasmic surface of cell membrane before transfer into
ECM, it can be endocytosed by some cells. Independent as newly released HA, or as
part of the aggrecan proteoglycan, it can act as a molecular sieve slowing movement
of microbes, cancerous cells and other macromolecules whilst supporting normal
cellular migration, influence microtubular activities during metaphase and anaphase
stages of mitoses (cell division) affecting chromosome movement, and is involved in

intracellular signalling via intra-cytoplasmic and intra-nuclear specific kinases®’.
1.2.2 Chondrocytes and low innate regenerative capacity

Chondrocytes, the key cell type in cartilage, are spheroid cells 10-13um in diameter®’.
Cartilage has a low cellular component, constituting 2-5% of the total volume of

cartilage*! ®. Chondrocytes are dispersed singularly or as cell clusters, located in
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lucanae (cavities in ECM). ECM immediately adjacent to cells are distinct with greater
amount and varied GAGs and are termed territorial matrix, interspersed amongst

interterritorial matrix.

Whilst chondrocytes can produce ECM, this does not meet the requirements in the
event of tissue injury or loss. Limited cellular migration to injury site due to
chondrocytes fixed in lacunae and low cell density contribute to the low innate healing

capacity of cartilage’ ¢’

. All cartilage is avascular, and with the exception of articular
cartilage and most fibrocartilage, it is encased by a vascular layer called the
perichondrium. Nutrients and oxygen transport are therefore dependent on diffusion
from neighbouring tissue, although compressive forces from loading enhances this
process. Nonetheless, this not only limits the thickness of cartilage, but slows cell and

ECM turnover.

Achieving the required number of functional chondrocytes to adequately populate a
prefabricated implant and preservation of the intended phenotype relevant to end
application are key challenges in cartilage tissue engineering. Limited donor cartilage
(and therefore cell) availability and de-differentiation of chondrocytes during in vitro
expansion with altered phenotype and function raises the debate between ex vivo and
in vivo cell expansion. The latter, explored in greater depth in cell therapy, uses a lower
seeding density and relies on adequate and appropriate cell expansion post-
implantation with less assurance and control®-7%, Injury to hyaline cartilage is notably
replaced by fibrocartilage, marked by type I collagen production over type II. This
poorly integrates with the damaged matrix and is not well suited to function as articular
cartilage with inferior mechanical properties. Chondrocytes isolated from common
donor sites such as the articular joint, costal rib and nasal septum (all hyaline cartilage)

does not produce elastic cartilage’!"3

, and will ultimately undergo calcification
following normal developmental pathway’7¢. Approaches to influence biochemical
signals of chondrocytes to affect gene expression and collagen type I and II production
to achieve the desired cartilage properties are met with various success, but include 2D
versus 3D cultures, static versus dynamic culture to simulate physiologic compressive
forces in vitro and application of growth factors or other biomolecules’’-32,
Sophisticated bioreactors integrating approaches discussed above encourage
exploration of ex vivo chondrocyte cultivation in-situ of the prefabricated implant as

an alternative mean to reduce initial seeding density requirement. This places a
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spotlight on the relevance of biomaterials as scaffolds and its influence on cellular

behaviour as a cell carrier.

1.3 Bio-ink and the biofabrication window paradigm

Studies in material science have sought to create tunable scaffolds that permits control
over microstructure (e.g. porosity, pore size, interconnectivity), surface chemistry and
topography, and physicochemical properties (e.g. stiffness, strength, viscoelasticity,
wettability), tailored to specific end-applications*”-#3-%5, For 3D bioprinting, an optimal
compromise is needed between biocompatibility (sustaining encapsulated cell viability
pre- and post-print, and supporting host cell migration post-implantation), favourable
rheological (flow for printing) and mechanical (strength and flexibility post-print)

properties. This compromise is described as the ‘bio-fabrication window’ paradigm®®.

Two themes around biomaterials relevant to this study will first be considered: i)
natural versus synthetic materials, and ii) 3D bioprinting on material demands. This is
followed by discussion of the bio-ink in its form as a hydrogel and the core bio-ink

component, nanocellulose.
1.3.1 Natural versus synthetic materials

The potential of biomaterials to modulate cellular and immune responses, implant
integration and performance is increasingly recognised?®. The gradual shift towards
bioactive engineered natural materials to mimic native ECM contrasts with earlier
paradigm of inert but ‘safe’ materials. Reconstruction using gold in cranial (skull)
defects, as a natural inert material, dates back to 2000 BC®”. Modern synthetic material
benefits from superior mechanical strength, ability to hold its shape in vivo and

malleable to the desired form. In the head and neck, synthetic options for ear

88-90 )91-93

reconstruction include silastic and porous polyeythlene (Medpor implants.
Whilst biostable, synthetic materials lack biological properties and heightened
antigenicity from degradation products (mostly acids) causes immunogenic and

9498 placing patients at risk of implant extrusion, infection and

inflammatory responses
deformation from scar tissue formation®. Degradation may also cause material
brittleness®. A systematic review of biomaterials used in extrusion 3D bioprinting of

123 articles between 2006-2018 showed a predominance of natural materials (natural
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58, synthetic 26, combination 39), reflecting the trend towards biomimicry!®. The
three most used materials in order of preference were: alginate, gelatin and
methacrylated gelatin (GeIMA) for natural materials, and polycaprolactone (PCL),
poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA) for synthetics.
Nonetheless, natural materials, including those in this study, may be limited by low
mechanical stability and sensitivity to processing or manufacture conditions (e.g.

temperature, pH)*!.
1.3.2 3D bioprinting and material demands

Additive manufacturing describes a hosts of fabrication processes that builds 3D
structures using computerised data (e.g. computer-aided design (CAD) or computed
tomography (CT) data) in a layer-by-layer manner*!- 191192/ 3D bioprinting, a form of
extrusion-based printing, deposits materials (bio-ink) through single or multi-cartridge
and nozzle system driven by pneumatic, piston or screw-driven mechanisms!®. Whilst
offering control over scaffold shape and dimension, printing resolution is limited to
25-50um!%! 194 Standard nozzle size of the BICO Group (previously CELLINK —
bioprinter used by the research group) ranges from 200um - 840um (27G — 18G), with
precision conical nozzle available at 50, 100 and 150um below the standard range.
Although resolution can be adjusted based on printing parameters (e.g. printing
pressures, shear rate, temperature) and material properties (e.g. viscosity and
rheological (flow) properties), control over topographical features on the nanoscale are
not feasible via the 3D printing process per se. This can, in part, be determined by
material properties and behaviour, and is of great interest due to its relevance to the

cell microenvironment!?!: 104,

Newtonian fluids subsume under Newton’s law of viscosity, maintaining a constant
viscosity independent of shear forces at defined temperature and pressure (e.g. water
and oil). Conversely, viscosity of non-Newtonian fluids increases or decreases with
applied stresses. The latter, known as shear-thinning, is essential for materials intended
as bio-inks. Nanocellulose when added to solution forms a percolating network,
increasing stability and viscosity of the fluid. Extrusion forces applied to the bio-ink
during printing disrupts this network, lowers material viscosity permitting flow.
Crucially, upon removal of the disrupting forces on material deposition, the network

is restored, returning the bio-ink to its initial state and viscosity!%.
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As the printed structure builds layer-by-layer, cross-linking is a necessary stabilisation
step which bonds free flowing polymer chains to each other, inducing sol-gel transition
(gelation or gelling). Cross-linking can be physical (weak, reversible) or chemical
(strong, permanent). Chain entanglement, hydrogen bonds, hydrophobic interactions,
crystallite formation and ionic bonds (in this study: between alginate chains when
exposed to calcium ions) are forms of physical cross-links. Whilst reversible in nature,
physical hydrogels are insoluble in aqueous solution, but carries heterogeneities with
network defects due to free polymer chain ends or loops!'®. Chemical cross-linking
describes covalent bonds between polymer chains triggered through chemical or
enzymatic reactions (in this study: cross-linkage of tyramine-substituted hyaluronic
acid with horseradish peroxidase and hydrogen peroxide), irradiation, sulphur
vulcanisation, heat, pressure and changes in pH. Covalent cross-linking is widely used
to form permanent hydrogels, but toxic cross-linking agents and resultant gels with
small pore size can adversely impact cell behaviour!?® 197, During cross-linkage, the
bonding of polymeric chains forms multi-dimensional networks, altering the chemical
structure and increasing the molecular mass of polymers. Physical (swelling
behaviour, strength, elasticity)!®® and architectural properties (pore size, density and
distribution of functional groups conjugated to the polymer)!?® !0 are therefore
influenced by material (the polymer — singular or hybrid) and the type and degree of
crosslinking (including crosslinker concentration). Cells encapsulated within the bio-
ink not only interact with the material in static conditions, but must maintain viability
and critical functions during cross-linkage through the physical and chemical
polymeric alterations and when subjected to dynamic forces (e.g. shear) during
printing. The biological impact of such effects in the latter is outwith the remit of this

research.

Despite a focused discussion on some factors relevant to material design for 3D
bioprinting, it is clear that compromise between biological, rheological and
mechanical demands as described in the ‘bio-fabrication window’ paradigm?®, whilst

pivotal to successful clinical translation, is complex and challenging.
1.3.3 Hydrogels
Hydrogel is an insoluble, three-dimensional network of hydrophilic cross-linked

polymers capable of retaining large amounts of water!'!! and are widely used as bio-
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inks for tissue engineering since it encompasses features of the human cartilage ECM.
Considering the high-water content (65-80%) of native cartilage, hydrogel is an
attractive scaffold option in this parallel !'2. The biphasic nature of cartilage describes
a fluid and solid phase lending it its viscoelastic behaviour'!®, with exudation of
interstitial fluid through its porous solid matrix under mechanical loading'8. This not
only supports cartilage’s pivotal function in the head and neck region (e.g. ear,
epiglottis) in dissipating frequent deformational forces by permitting flexibility and
limiting brittleness and breakage, but lends itself well also to additive manufacturing

approaches, in particular extrusion-reliant printing methods including 3D printing.

1.4 Nanocellulose — core bio-ink component

104, 14, 115 Cellulosic

Cellulose is the most abundant biopolymer on earth
nanomaterials (CNMs), often referred to simply as nanocellulose, are defined by its
morphology with at least one dimension <100nm'!®>. This in turn confers specific
physicochemical and biological properties when compared to its bulk material.
Capable of being produced in large scale at >1 ton per day'!® ''7, nanocellulose has a
broad reach in terms of industrial applications, such as paper products, adhesives, food

118-121 In

packaging, low-calorie food additives, supercapacitors and batteries
biomedicine, it is used in dialysis membrane, wound dressing, biosensor and as an
excipient (inactive ingredient) in pharmaceuticals ' 122123, More recently, as a bio-
ink candidate for tissue engineering, nanocellulose has been described in bone,

cartilage, skin, nerve, cardiac and vascular tissue regeneration !0 124-130,

1.4.1 Nanocellulose properties relevant for tissue engineering

There are several properties of nanocellulose which translates well when used as a bio-
ink for extrusion-based 3D printing and tissue regeneration. Due to its fibrous
topography, nanocellulose fibrils are considered analogous to collagen and fibronectin
in native ECM"!> 132, The interconnected framework and porosity of nanocellulose-
based hydrogels have structural similarities to ECM. Such biomimetic features are
considered supportive of cellular functions including cell adhesion, proliferation and
differentiation!3. Additionally, whilst its water absorption capacity supports its use in

hydrogels, the nanostructured morphology of nanocellulose is associated with a high
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surface area, which in turn provides added interfaces for interactions with other

materials!34.

In plants, cellulose constitutes a core load-bearing polymer. The exceptional strength
and flexibility of plants to overcome gravitational forces as they grow can, in part, be
attributed to the cellulose in plant cell walls!3>-1*8, The unique mechanical properties
of nanocellulose underlies its inclusion as a biomimetic reinforcing agent in hybrid
bio-inks; its purpose to enhance the tensile strength and stiffness of the resultant
construct!3-1*1, Pomari ef al investigated the effects of incorporating cellulose
nanocrystals (CNC) at varying concentrations with chitosan. It was found that with the
addition of 6% w/w CNC maximal stress was increased by 36% when compared with

142

pure chitosan hydrogels'**. Furthermore, the ability to tune the physical and

mechanical properties with nanocellulose, such as porosity and stiffness, adds to its

suitability as a bio-ink material candidate!*> 144,

Shear-thinning is an essential criterion for bio-inks to ensure printability (flow) of the
bio-ink during printing and shape fidelity post-print (maintenance of form without

146 The wviscoelastic characteristics of

immediate collapse of the bio-ink)!4>
nanocellulose confers both shear-thinning properties and high tensile strength, and are
additional factors that make nanocellulose an attractive bio-ink candidate. Its high
tensile strength, which affords the 3D printed scaffold resistance against fracturing
under deformative stresses!?, is particularly relevant for cartilage tissue engineering

for head and neck reconstructive purposes due to the intrinsic and extrinsic forces

facial cartilages are subjected to on a daily basis.

In addition to tunable mechanical properties, nanocellulose, owing to an abundance of
hydroxyl (-OH) and other functional groups, are amenable to further functionalisation
which imparts desired material properties. Surface modifications of nanocellulose,
such as via oxidation, can alter surface chemistry, introduce carboxyl, hydroxyl and
amino groups, and controls wettability, adhesive properties and reactivity!'#> 47, In the
context of tissue engineering, nanocellulose, through functionalisation, can become

electroconductive lending its place in nerve and cardiac muscle tissue engineering.

Lastly, the generally considered non-toxic profile of nanocellulose is a key factor in
the rising interest of this natural biopolymer as a bio-ink candidate. Prior to discussion

of the current literature regarding the biological impact of nanocellulose in the context
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of 3D bioprinting, an overview of the various nanocellulose forms and their relevant

features are outlined in the next section.

1.4.2 Nanocellulose forms

Microscopically, cellulose microfibrils contain a highly structured assembly of
cellulose molecules. Crystalline regions are interspersed with less organised,

148

amorphous regions'*°. The production of nanocellulose can be broadly categorised into

top-down and bottom-up approaches.

The top-down production method isolates CNC and cellulose nanofibrils (CNF) from
its source material by breaking down interfibrillated bonds via mechanical forces

149

and/or enzymatic or chemical processes'*”. Nanocellulose may be isolated from plants

(e.g. wood pulp, cotton, agriculture residues), algae and marine invertebrates (e.g.

tunicates)123’ 129, 149, 150

. The bottom-up approach describes the synthesis of
nanocellulose by bacteria, with the resultant nanomaterial termed bacterial

nanocellulose (BNC).

In understanding the production methods of nanocellulose, it becomes apparent the
spectrum of nanoscale features and material properties encompassed by nanocellulose
materials. Its appreciation is relevant in the context of biocompatibility due to the
influence of material characteristics upon their biological impact. A brief overview of
the three forms of nanocellulose (CNC, CNF and BNC) and two forms of
functionalisation studied in this thesis (TEMPO-mediated oxidisation and

carboxymethylation) are hereby presented.
1.4.2.1 CNC

CNC are rigid, rod-like or needle-like nanoparticles, with dimensions of 3-20nm in
diameter and 50-500nm in length!#® 31133 1t is often produced through acid
hydrolysis, a chemical process involving the application strong acids (e.g. sulfuric or
hydrochloric acid) to cellulosic materials. This selectively removes the amorphous
regions of cellulose, leaving the crystalline nanoparticles'>* 135, As such, it has a high

151, 156

degree of crystallinity . Other production methods include enzymatic hydrolysis
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(e.g. with cellulase), mechanical disintegration, deep eutectic solvent, ultrasonication,

steam explosion and dual mechanical-chemical treatments!3% 157-161,

The distinct morphology of nanorods with high crystallinity grant CNC extremely high

stiffness!6% 163

and the ability to achieve ordered alignment. The latter could be
beneficial in applications where anisotropic feature provides directive guidance for
cell migration!®% 164165 For example, the work of De France et al and Dugan et al
have shown that the culture of skeletal muscle myoblast in a CNC-inclusive
biomaterial guided cellular differentiation into orientated myotubes!®? 165,
Furthermore, the unique dimensions of CNC, when compared with CNF and BNC,
may be contributory to its ability to pass through the cell membrane!®6. This property
has led to the application of CNC in drug delivery, but could be associated with its

unique toxicity profile when compared to other forms of nanocellulose.
1.4.2.2 CNF

CNF are long flexible fibrils with diameters of 5-60nm and lengths of several

microns !4 167

. They are usually obtained through mechanical disintegration. High
shear forces are applied to cellulosic source materials which separates cellulose fibers
into nanoscale CNF!# 168 Mechanical disintegrative techniques involve forcing
cellulose fibers through narrow channels at high velocities (microfluidisation)'®” or at
high pressures (homogenization)!”’. Both creates high shear and fibrillating forces to
breakdown the cellulose fibers. Other production methods include ultrasonication,
cryocrushing, combined enzymatic pre-treatment and mechanical disintegration!3> 17!
172, As such, CNF contains both crystalline and amorphous regions, with a lower
crystallinity compared to CNC (>80% with CNC versus 30-80% with CNF)!34 173175,
Crystallinity, which denotes the proportion of crystalline region within the
nanocellulose material, is one of the fundamental features which directly influence
mechanical, thermal and chemical behaviours. CNF appears as an entangled fibrous
network. Together with the lower crystallinity, this contribute to the flexibility,
deformability and the ability of CNF to disperse more readily which is particularly

useful in creating composite materials!!>: 123- 176,
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1.4.2.3 BNC

Discovered in 1886 by A. J. Brown, bacterial cellulose synthesised by bacteria in
culture medium of glucose and xylose was found to have similar structures as plant-
derived cellulose!””- 178, BNC is produced and secreted as an exopolysaccharide!”. The
dimensions of BNC have been described in the regions of 8-10nm in diameter and
100-150nm in length!'®, to diameter of 100nm and length of 100um!”. Reported
crystallinity are between 75%-85%'2% 181, An advantage of BNC is its high purity,
reaching 99.9%!'%% 181, Distinct to plant-derived nanocellulose, BNC is free from other
plant-based components such as pectin, hemi-cellulose and lignin. The commercial
application of bacterial cellulose and BNC currently includes wound dressing!$% 183,
artificial skin'®* and vascular or cartilage implants'®> 186, Limitations to up-scaling and
cost-effective commercialisation include the high cost of glucose as the substrate, a

d162, 187

labour-intensive production process and relatively low yiel . Future discussion

of nanocellulose in the thesis will therefore exclude BNC.
1.4.2.4 TEMPO-mediated oxidation and carboxylmethylation

Both TEMPO-mediated oxidation and carboxymethylation are methods of

functionalisation of nanocellulose.

The oxidation process introduces oxygen-containing functional groups (e.g. hydroxyl,
carboxyl, carbonyl groups) to the surface of nanocellulose using an oxidising agent'®3-
190 TEMPO-mediated oxidation utilises 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) and sodium bromide as the chemical catalysts to selectively oxidise primary
hydroxyl groups to carboxylate!®!'1% Alternative chemical oxidation treatments

include periodate oxidation!2.

Carboxymethylation involves substituting the hydroxyl group on the surface of

nanocellulose with carboxymethyl groups using chloroacetic acids or its derivatives!®>-
199

Both functionalisation imparts a negative charge to the resultant nanocellulose®®.

Common benefits include enhanced dispersibility!88 195 198,201

and increased reactivity.
In the context of tissue engineering, the modified surface of TEMPO-mediated
oxidised nanocellulose was found to support cell adhesion and proliferation®?, and in

wound dressings, superior integration with wound surfaces was observed which
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123 On the other hand, the carboxymethyl group

promoted more rapid wound healing
in carboxymethylated nanocellulose provides functional sites for drug loading!?.
Similarly, both forms of functionalisation are associated with harsh reaction conditions
(alkaline with carboxymethylated nanocellulose)!®® 2°% and the formation of by-
products!® 198 204,205 potential degradation of cellulose structure with TEMPO-
mediated oxidation and possible reduction in mechanical properties with

carboxymethylation have been described!® 1%8,

Further features of the functionalised nanocellulose includes enhanced stability in

188-190

aqueous solution and hydrophilicity with TEMPO-mediated oxidation and

198~ Relevant for bio-ink

greater water solubility with carboxymethylation!®>:
applications, increasing concentrations of both forms of nanocellulose is associated
with increased viscosity influencing the flow property of the bio-ink. Equally, both
forms of nanocellulose carries strong viscoelastic modulus even at low concentrations,
which may be a desirable feature depending on the intended tissue type for

regeneration'*.

1.4.3 Biocompatibility of nanocellulose for tissue engineering

In parallel with the wide adoption of nanocellulose across multiple industries as
highlighted previously, nanocellulose has demonstrated an overall favourable
biocompatibility profile. In vitro studies available, however, are mostly focused on
raw material and pulmonary models relevant to occupational exposures?%®: 207,
Alternative exposure route examined included gastrointestinal exposure with

relevance for food additives or packaging applications®%%.

Its assessment relevant to environmental exposures confirms that nanocellulose is
largely non-toxic. Dong et al examined the cytotoxic effects of CNC on nine cell lines
using the MTT and LDH assays?”. Six human cell lines (5 epithelial cells and 1 brain
microvascular endothelial cell) and 3 murine cell types (macrophage, glial cells and
brain endothelial cells) were tested in an in vitro setting with 0-50pg/ml CNC over 48
hours which demonstrated no cytotoxic effects. Harper et a/ employed an embryonic
zebrafish model to test the biological effects of multiple forms of nanocellulose (e.g.

CNC from cotton or wood pulp, sulfated and carboxylated CNC and TEMPO-

42



mediated oxidised CNF)?!°. CNC at 0.0003-0.172mg/ml and CNF at 0.002-0.25mg/ml
were exposed to the in vivo model. Differences in surface chemistry were found to
have minimal impact on cytotoxicity when viability, notochord malformation,
developmental progression and motility were assessed. Interestingly, the study found
that nanocellulose derived via mechanical homogenisation displayed greater toxicity
than those produced by chemical processes. This may reflect differing physico-
chemical properties associated with the different nanocellulose forms associated with
varying production methods, rather than as a direct result of the production technique
per se. A further finding of note was the uptake of fluorescently tagged CNC by the
embryonic zebrafish at 0.1-0.5mg/ml during a 5-day exposure. This corroborates with
an earlier comment regarding the ability of CNC to cross the cell membrane, with
implications on CNC toxicity and its mechanisms of action. Lastly, when comparing
the concentrations of nanocellulose tested in both studies against that of the bio-ink
used in this thesis (20mg/ml), the relevant dosage for use in bio-inks with tissue

engineering is noted to be much greater than those tested for environmental exposure.

Published studies examining nanocellulose-based bio-inks intended for tissue
engineering purposes often subscribe to the format of bio-ink characterisation. This
typically includes raw material, bio-ink (commonly multi-component) and/or scaffold
(post-crosslinkage) characterisation. Morphological, mechanical, rheological and
biological assessments are often encompassed to varying degrees. Analogous to the
favourable biocompatibility profiles found in studies for hazards assessment in
alternative exposure scenarios, nanocellulose-based bio-inks are largely found to be

non-cytotoxic and is supportive of cell proliferation and tissue regeneration!2% 13%-141.

211215 The next sections focus upon in vitro and in vivo studies examining
nanocellulose-based bio-ink for tissue engineering purposes. The sub-sections aim to
address: 1) factors found to be influential of the biological effects of nanocellulose,
thereby highlighting the complexities of studying biocompatibility in the context of
tissue engineering; and ii) the patterns of test systems employed in these studies as

relevant to the principles of in vitro toxicology.
1.4.3.1 Factors influencing the biological impact of nanocellulose-based bio-inks

Many factors act as biological cues directing cellular function and therefore impacts

the biological effects of nanomaterials. Examples of such influential material
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characteristics include material stiffness, surface roughness and porosity of the
resultant construct?'®. This is, in part, imparted by the physico-chemical properties of
nanocellulose, which differs based on its form (CNC versus CNF), material source,
production methods and functionalisation as previously discussed. Further additives
as part of the hybrid bio-ink formulations, or modifications as part of the biofabrication
process, can further enhance or disrupt the interactions between the bio-ink material
and host cells or tissue. There are a staggering number of variables associated with the
successful clinical translation of a tissue engineered product (TEP), and a standardised
in vitro model may permit a higher throughput of testing prior to in vivo studies, whilst

controlling for bio-ink or experimental variables of interest.

Whilst not intended to be an exhaustive list, the influence of five categories (surface
charge, nanocellulose content, hybrid bio-inks, model geometry and 3D bioprinting
parameters) upon the biological effects of nanocellulose-based bio-ink are discussed.
Cumulatively, they illustrate varying cytotoxic effects associated with the use of
nanocellulose-based bio-inks, highlighting the necessity for a material-, system- and
end-application specific means of investigation to achieve valid and relevant toxicity

data.
1.4.3.1.1 Surface charge

The surface charge of nanocellulosic material was shown to influence cell adhesion
and proliferation. Whilst Alexandrescu et a/ examined the effects of CNF with a
neutral charge versus negative charge (the latter with TEMPO-mediated oxidised
CNF) and found that both supported fibroblast growth?!®, Kummala et al reported
differences in cell behaviour with varying surface charges. In the latter study,
comparison between material coatings with CNC and two CNFs with a high (1.50
mmol/g) or low (1.14mmol/g) surface charge was conducted against human dermal
fibroblast?!”. Nanocellulose was prepared from kraft wood pulp, with TEMPO-
mediated oxidation treatments with both CNF and acid hydrolysis with the CNC. Latex
was used as a control coating which has previously been shown to support fibroblast
attachment and growth. Interestingly, whilst cell adhesion and proliferation were seen
with the CNF with the low surface charge over a 72-hour period, fibroblast surface-

seeded upon both the CNC and CNF with high surface charge coatings showed both
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reduced cell attachments at 24 and 72 hours, and a reduction in cell numbers from day

1 to day 3 indicating cytotoxicity.

It is noteworthy that surface charge can have direct effects on bio-ink performance
which in turn, impacts cellular function. Xu et a/ discovered that the ionic interaction
between TEMPO-mediated oxidised CNF and GelMA can cause phase separation,
which are likely to be detrimental for cell growth?!'®. To maintain bio-ink homogeneity

and stability, the content of GeIMA was controlled to be <1wt%.
1.4.3.1.2 Nanocellulose content

Depending on the system tested, nanocellulose content was found to have varying
effects on cytotoxicity. Whilst Lan et a/ showed no difference in cytotoxicity between

t!0, other studies showed altered

bio-inks with differing nanocellulose conten
cytotoxicity?!®-220, The study by Lan et al examined bioprinted constructs of TEMPO-
mediated oxidised CNF with alginate seeded with primary human meniscus
fibrochondrocytes!®. Live/dead assay at 24 hours demonstrated comparable cell
viability of both bio-ink CNF:alginate ratios at 70:30 and 80:20. Conversely, Dutta et
al investigated a gelatin, alginate and CNC (from cotton pulp, width 10-20nm, length
50-400nm) bio-ink seeded with human bone marrow-derived mesenchymal stem cells
(hBMSCs) for bone tissue regeneration®!'®. Cell viability assessed by the WST-1 assay
and cell adhesion with fluorescence staining showed that the 1% CNC provided
optimal result for up to day 7 when compared to 0.5%, 2% and 4% CNC. Similarly,
Cheng et al compared four nanocellulose concentrations in a chitosan-CNF (wood
pulp, diameter 3nm, length 10-20pum) hydrogel for neural tissue regeneration??. Cell
viability assessed by fluorescence staining on day 3 and oxygen metabolism and
mitochondrial function as examined by the Seahorse XFp analyser, showed that the
0.09% concentration displayed superior cell health, whilst the 0.5% CNF content (the

highest concentration tested) yielded the greatest cytotoxic effects and impaired

mitochondrial function.

Collectively, this illustrates that the concentration of nanocellulose within a test system
must be defined despite the relative non-toxic profile of nanocellulose. Furthermore,
an optimal nanocellulose concentration should be selected to maximise the biological

performance of bio-inks.
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1.4.3.1.3 Hybrid bio-inks

Multi-component bio-inks are common in recent research in tissue engineering.
Nanocellulose may be combined with other natural or synthetic polymers, and the
combined effects of the biomaterials can alter the toxicity profile of the resultant hybrid

bio-ink.

Some bio-ink additives have been shown to have negative effects on cell health, such
as that from Ojansivu et al*?!. This study examined the effects of the addition of a
TEMPO-mediated oxidised CNF from softwood kraft pulp with/without bioactive
glass to a gelatin-alginate bio-ink. Intended for bone tissue regeneration, cell viability
and cell proliferation were tested using the Saos-2 cell line of human osteoblastic
phenotype and hBMSCs. Cell viability and proliferation were unaffected with the
addition of CNF to the gelatin-alginate bio-ink, as assessed by the live/dead assay (day
1,7,14) and LDH assay (day 1,4) and via the quantification of DNA content (day
1,7,14), respectively. Whilst non-cytotoxicity was demonstrated with CNF, the
addition of bioactive glass (with or without CNF) showed a marked decreased in cell

viability and proliferation. This was witnessed with both cell types.

The converse pattern was observed in studies by Cheng ef al **° and Ferreira et al '8,

As previously described, Cheng et a/ demonstrated that the addition of CNF to chitosan
did not uniformly yield superior cell viability in an in vitro setting. The bio-ink with
0.09% CNF content outperformed the chitosan-only control, whilst the 0.5% CNF
showed heightened cytotoxicity when compared to the chitosan-only control??°. This
study also included an in vivo study involving a zebrafish brain injury model with the
implantation of constructs seeded with neural stem cells derived from adult mouse
brains. The hybrid material containing both chitosan and CNF consistently
outperformed the CNF-only constructs in both locomotion (swimming) on day 4 and
survival rate on day 6, thereby demonstrating a biological benefit to the inclusion of

CNF with the chitosan hydrogel.

Interestingly, Ferreira ef al also examined the effect of bio-active glass with CNF (from
Eucalyptus grandis) for bone regeneration. Cytotoxicity was measured by the live/dead
assay (day 3) and MTT assay (day 1,2,3). Exposure involved adding the scaffolds to
cells seeded on tissue culture well plates in 2D culture. In contrast to the findings from

the study by Ojansivu et al, Ferreira et al showed that no cytotoxic effects were seen
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with bio-inks containing bioactive glass and CNF!?8, However, differing exposure
methods were noted. In the study by Ojansivu et al where cytotoxicity was observed
with bioactive glass bio-ink formulations, direct mixing of cell suspensions with the

bio-inks was performed??!.
1.4.3.1.4 Model geometry

Xu et al evaluated cell proliferation of human dermal fibroblast surface-seeded on
TEMPO-oxidised CNF from birch kraft pulp (charge density 1.14 mmol/g)*'*. Two 3D
printed scaffold model geometries were tested with a thickness of 3mm (15 layers)
versus 2mm (11 layers), whilst controlling for other experimental parameters.
Immunofluorescence staining showed enhanced cell proliferation with the thicker
3mm construct at 72 hours. Whilst a larger construct theoretically could provide
greater spatial dimension for cell growth in 3D, the surface area available for surface-
seeded fibroblast in 2D was consistent. Cell migration (from surface to core) was not
investigated, and although this may explain increased 3-dimensional space for cell
growth, there are other factors that could contribute to the differences observed.
Scaffold characterisation in the forms of scanning electron microscopy (SEM) to
visualise surface and cross-sectional topography, water absorption capacity,
compression Young’s modulus and shear modulus, all showed differences between the
scaffolds of 2mm and 3mm thickness. Such differences in physical properties

parameters may influence cell growth profiles.
1.4.3.1.5 3D bioprinting parameters

Further to inherent raw material, composite bio-ink and model factors, the
biofabrication process alone can alter cell behaviour, and should be accounted for
during the creation of an in vitro model. As previously described in section 1.4.3.1.3,
Ojansivu et al studied the impact of the addition of a TEMPO-mediated oxidised CNF
with or without bioactive glass to a gelatin-alginate bio-ink for bone regeneration®?!,
DNA content was monitored to mark cell proliferation of the Saos-2 osteoblastic cell
line. Constructs created by casting in a mold versus 3D printed were compared. Whilst
the casted system demonstrated rising DNA content on day 1, 7 and 14 indicating
continuous cell proliferation in the gelatin-alginate bio-ink both with or without CNF,

in the 3D printed system, DNA content was unchanged between day 1 and 7 before a
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rise on day 14. This indicates a degree of cell stress imparted from the 3D bioprinting

process, such as from the shear forces, at the early and middle timepoint.

1.4.3.1.6 Section summary — factors influencing the biological impact of

nanocellulose-based bio-inks

The highlighted examples illustrate the complexity of studying the biological effects
of TEPs because of the numerous inter-related factors. In order to achieve
advancements towards successful clinical translation, a standardised in vitro model
may serve to exert uniformity across selected key variables. However, a pragmatic
approach in experimental design remains a necessity as it is not feasible to isolate

singular factors and attain absolute equivalence across all variables.

1.4.3.2 Study design

Experimental findings are specific for the material, cells and test system applied, which
could influence the validity, relevance, reproducibility and interpretation of toxicity
data. Broad patterns as well as heterogeneity observed in cell-based studies of
nanocellulose-based bio-inks intended for tissue engineering are discussed, followed

by a brief overview of in vivo studies.
1.4.3.2.1 Cells

Both human and animal cells were used for the testing of bio-inks for tissue
engineering. Whilst there may be a greater volume of historical data involving cell
lines from an animal source, the use of human cells offers greater specificity and

relevance for the end-application of a clinically applicable TEP.

Regarding human cells, they can be further categorised into primary cells, stem cells
and cell lines. The former two are more commonly employed. Using cartilage
regeneration as an example, studies have sought to utilise primary cells isolated from
the anatomical site of interest, such as with primary human meniscus
fibrochondrocytes (knee meniscus)!®’, auricular (ear)’!' and nasal (nose)
chondrocytes??2-224, Target tissue-derived ‘stem cells’ have also been studied, such as

with cartilage stem / progenitor cells (CSPCs)?%, although the use of mesenchymal
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stem cells such as those that are bone marrow-derived are more commonly reported?!®:
221,222 226 Whilst primary cells offer specificity, the heterogeneity in patient phenotypes
can impact the reproducibility of results. Currently, the Good In Vitro Method
Practices (GIVIMP) from the Organisation for Economic Co-operation and
Development (OECD) recommends the use of cell lines for in vitro toxicity testing
including cell line characterisation prior to toxicity testing. Examples of human cell
lines used in the testing of nanocellulose-based bio-inks include the epithelial cell line
Saos-2 of osteoblastic phenotype established from adult osteosarcoma used for bone

regeneration??! and the keratinocyte cell line HaCaT for skin regeneration®!“.

Animal sources offer greater availability of tissue type-specific cell lines, which may
in part, explain their popularity. For studies focused on human tissue regeneration
purposes, murine cell lines were more commonly used, such as the chondrogenic
ATDCS5 for cartilage!*?, calvarial pre-osteoblast MC3T3-E1 for bone!?3 141, HOC2 for
cardiac muscle as the target tissue type?'?, and fibroblasts 1.9292!2 227 and 3STS?!® for
skin or general cytotoxicity testing. Less commonly adopted are animal-derived stem
cells, but reports have included the use of mouse bone marrow derived-mesenchymal

228

stem cells?2® and neural stem cells isolated from adult mouse brain?2°.

As advances in complex in vitro models (CIVMs) continues to develop, there is a
movement towards limiting the use of animal-derived products such as the use of
accutase over animal-derived trypsin as a cell dissociation agent, or synthetic or
human-derived media supplements over the widely used fetal bovine serum. Costs and
availability are some of the limiting factors towards their adoption. With regards to
cell line source, as the number of studies involving human cell lines increases with the
expansion of data available with their use, human cell lines in in vitro toxicity testing

may eventually predominate over animal sources for human-specific applications.

A further observation of reported studies includes the relative lack of co-culture models
studying the cell-material and host-material interactions. Multi-cellular CIVMs are
increasingly utilised for in vitro toxicity testing. Relevant to cartilage tissue
engineering, studies involving dual cell types often explore the ratio effects of stem
cells and differentiated chondrocytes upon cell expansion and ECM regeneration. To

leverage advances in in vitro toxicology, multi-cellular in vitro models may offer
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further insights when both target tissue cell type and the cell type reflecting the host

environment are applied.
1.4.3.2.2 Exposure methods

To achieve a physiologically-relevant in vitro model, the exposure methodology is a
core consideration. Studies generally fall under four exposure approaches, divided into

direct and in-direct exposures.

Direct exposure describes: 1) 2D cell culture in tissue culture plate (TCP) with
constructs (usually cross-linked) directly added onto cells in TCP wells!?® 140-229; i)
cells surface-seeded onto un-crosslinked bio-ink or cross-linked scaffolds in TCP
wellg!3% 212, 213.225.228. and iii) cell suspension mixed with bio-ink to create a cell-laden
bio-material!% 211, 220-224 " Some studies utilised a combination of exposure methods
based on the toxicity assay!4%-2!°, In cartilage and other solid organ tissue engineering,
the latter approach (iii) most closely mimics the cell-laden bio-ink in the 3D
bioprinting scenario when cells of the target tissue type are used, whilst surface-

seeding reflects the implant-host interface.

Alternatively, the material extract dilution method was often used as an in-direct
exposure method. This is described in the ISO standard 10933-5, the Biological
Evaluation of Medical Devices. This involves incubating the crosslinked construct in
a culture medium (e.g. for 24 hours)??* to produce the material extract solution, which
are then subsequently added to cells in 2D culture. The material extract dilution
method is used by Sinna et al investigating cartilage regeneration®?, Cui et al for bone
regeneration!*!, Sun et al for cardiac muscle regeneration?'? and Alexandrescu et al for

216 Whilst the material extract dilution

its effects against a mouse fibroblast cell line
method is an established and validated method of toxicity testing that is well-
embedded in regulatory toxicological practice, it is recognised that bioactive TEPs are
a relatively new entity. The ISO standard 10993-5, which was published in 2009 and
most recently revised in 2022, was formed to assess medical devices that are largely
designed as inert implants with varying degrees of biointegration and biodegradation,

and this is arguably distinct from TEPS designed for tissue regeneration.
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1.4.3.2.3 Endpoint assessment

Pro-inflammatory effects, oxidative stress and genotoxicity are considered key drivers
of cytotoxicity, and together forms four key in vitro toxicology endpoints. Whilst
cytotoxicity data is a pre-requisite for biocompatibility testing of medical devices for
regulatory approval in most markets, taken on its own, it does not shed light on
potential sub-lethal adverse outcomes, nor upon the possible mechanisms of action of
cytotoxicity?*°. The assessment of more than one toxicology endpoint, with the use of
multiple (>2) techniques per endpoint assessment is generally recommended in in vitro

toxicology.

As commented upon previously, most cell-based studies of nanocellulose-based bio-
inks form part of a global assessment for bio-ink characterization. It is found that
cytotoxicity is a commonly assessed toxicological endpoint in in vitro studies, with a

fair number of studies employing dual methods of assessment!40: 141, 190 212,214, 215, 219,

220 This most frequently involves the combination of a metabolic assay and
fluorescence staining, although a number of studies reported a single mode of endpoint
assessments!3% 219-225. 231 Metabolic assays were often performed to determine cell
proliferation and included the WST-1 assay!?* 141:219 MTT assay?> 23!, Alamar blue
assay 2** and CCKS8 assay'#!. The live/dead assay is also commonly adopted in multiple

Studiesl90, 211,223

, as are immunofluorescence staining to visualize cell morphology and
cell distribution!40: 212, 215, 219, 220, 228 = Aternative assays reported included the
quantification of DNA content over time to determine cell proliferation rate*'* and the
assessment of mitochondrial function and oxygen metabolism using the Agilent

Seahorse XF Analyzer??°.

Relative to cytotoxicity, there is a comparative lack of assessment of pro-inflammatory
effects, oxidative stress and genotoxicity in an in vitro setting for nanocellulose-based
bio-inks. However, for the purpose of tissue engineering, numerous studies
investigated the functional element of the cell-seeded bio-ink in terms of tissue
regeneration and appropriate cell differentiation from MSCs for the target tissue type.
Lan et al seeded primary human meniscal fibrochondrocytes in a TEMPO-mediated
oxidized CNF-alginate bio-ink and demonstrated newly synthesized ECM and type I
and II collagen by immunostaining!'*°. Gene expression analysis by gqPCR also showed

that the CNF-alginate bio-ink showed up-regulation of chondrogenic genes (COL2A1)
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and down regulation of undesirable chondrocyte hypertrophy-related genes (COL10A41
and MMP13) when compared with the collagen-alginate bio-ink without CNF!°,
Chayanun et a/ also utilized immunostaining to demonstrate enhanced GAG and type
II collagen production by murine ATDC5 chondrogenic cell line when a cotton-derived
CNF was added to an alginate dialdehyde-gelatin bio-ink as a reinforcing agent!'%,
Similarly, for bone regeneration, multiple mineralization studies with the Alizarin red

S stainl4l, 219

and quantification of alkaline phosphatase activity!*!: 22! have shown
positive results with cotton-derived CNC (diameter 10-20nm, length 50-400nm) in a
CNC-gelatin-alginate bio-ink with hBMSCs, a CNF (diameter 30nm, length 1-3um)-
oxidised alginate-gelatin bio-ink with mouse calvarial pre-osteoblast cell line MC3T3-
El and a TEMPO-oxidised CNF from softwood kraft pulp-bioactive glass-gelatin-
alginate bio-ink with hBMSCs and the human osteoblast cell line Saos-2. Whilst
functional assays are critical in the development of suitable bio-inks for 3D
bioprinting, there may be a role in the investigation of added toxicological endpoints

to illuminate the sub-lethal effects of bio-inks under investigation and possible

mechanisms behind bio-ink performance to advance the field of tissue engineering.
1.4.3.2.4 Timepoints

Specifically for in vitro studies, timepoints investigated also varied between studies.
Possibly secondary to inherent challenges and limitations to prolonged in vitro cell
culture, acute timepoints were more commonly studied compared to chronic

timepoints. Timepoints at <72 hours are relatively frequently employed!23: 190 209, 213,

141, 212,219, 223, 227, 231

216,224, 228,232 10 a slightly lesser degree, as are studies of 7 days and

14 days duration!3% 140,221,222, 225,226 Noticeably far fewer in vitro studies report upon

chronic timepoints, such as 21 and 28 days?!!: 229,

Cell de-differentiation over time in ex vivo culture is a known challenge, especially
with the use of primary human chondrocytes, coupled with a relative minority of cell
line use which may better tolerate long-term cell culture conditions whilst maintaining
defined cellular characteristics and function. The phenomenon of positive publication
bias could also limit the amount of published data. Cheng et al assessed cell viability
of adult mouse brain neural stem cells embedded in chitosan bio-ink with varying
concentrations (0, 0.06, 0.09, 0.12, 0.5 wt%) of wood pulp-derived CNF??°. Using the
CCK-8 assay, it was observed that cells embedded within the bio-ink (with or without
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CNF) showed comparable cell metabolic activity on day O and day 3, and the
incorporation of CNF enhanced cell proliferation on day 7, 14 and 21. However, on
day 28, the metabolic activity measured declined across all bio-ink formulations
indicating likely model inadequacy posing constraints in in vitro cell culture at this

chronic timepoint.
1.4.3.2.5 In vivo studies

In vivo studies provide whole organism response that encompasses an immune system,
systemic metabolic (hepatic) and excretory (renal) systems which responds to and
processes an implanted foreign material or construct. The high sensitivity of in vitro
cytotoxicity testing may, in part, be due to the artificial isolation of cells within the
model system with the absence of protective biological processes that otherwise exists

in a whole organism?'®. In vivo studies are widely employed in studies in tissue

128, 226 222, 232

engineering across multiple tissue types, such as bone , cartilage , neural
tissue??® and the cornea?®. In vivo experiments benefit from the study of long term
timepoints, commonly up to 60-90 days'?® 222232233 It permits analysis of multiple
endpoints simultaneously, including scaffold performance and degradation, foreign

body response including inflammation, and function in terms of tissue regeneration.

The calvarial bone defect model was used effectively to demonstrate that
nanocellulose-based bio-ink supports bone regeneration with limited toxicity, and two
studies illustrating this are hereby described. Patel et al reported superior bone
regeneration with a PLA scaffold with 2% CNC at 3 weeks in a rat model with no
evidence of inflammatory response??®. Ferreira ef al not only demonstrated bone
formation with bioactive glass-CNF scaffold in a rat model, systemic biocompatibility
was also assessed via the quantification of blood biochemical markers of toxicity and
histopathological examination of the liver and kidney. Levels of glutamic oxaloacetic
transaminase (TGO) and glutamic pyruvic transaminase (TGP) for the liver and
creatinine for the kidney, and solid organ histological examination revealed no
differences between the nanocellulose-based scaffold and the scaffold-free control at
56 days'?8. In a rat model investigating 3D bioprinted tunicate-derived CNF-alginate
scaffolds, Apelgren et al in 2022 demonstrated with histological analysis that there
was no evidence of acute inflammation, invasion of immune cells or extensive fibrosis

at day 30 and day 90?*2. Expanded polytetrafluoroethylene (ePTFE), used in medical
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devices such as stents or vascular grafts coating, are the polymer associated with the
commonly recognized products such as Teflon and GoreTex. ePTFE was used as a
control material. Although moderate foreign body reaction was observed with the
presence of macrophage, lymphocytes and giant cells, the author concluded that in
comparison to ePTFE, scaffolds inclusive of the tunicate-derived CNF was non-irritant
according to the ISO standard 10993-6 for local effects after implantation. Overall,
nanocellulose-based scaffolds demonstrated limited cytotoxic and inflammatory

effects in vivo.

Considerations regarding in vivo studies include study design restraints associated with
whole organisms. The use of immunocompetent animals is applied for the study of the
host-material response of cell-free scaffolds. Whilst this provides vital information
regarding the foreign body response, it does not permit assessment of human tissue
regeneration. Used to illustrate the latter, the study by Apelgren et al/ in 2017
investigated alginate-CNF scaffolds seeded with human nasal chondrocytes or
hBMSCs in athymic or nude mice to study the effect of adult versus stem cells on cell

proliferation???

. The opportunity to develop increasingly sophisticated CIVMs such as
with organ-on-chip and microfluidic technologies may improve the functionalities and
physiological relevance of such models, which are already under development in the
context of drug screening and disease modelling. Such technologies may bridge the
gap between more simplistic 2D monoculture in vitro models and in vivo studies, and

have a role in advancing efforts within the complex field of tissue engineering.

1.4.4 Commercially available nanocellulose-based bio-inks

Commercially available, off-the-shelf nanocellulose-based bio-inks provides
convenience and ease of use but may hinder customisation. UPM Biomedicals is a
leading player of commercialised medical grade nanocellulose intended for medical
and life sciences applications. GrowInk™ from UPM Biomedicals is marketed as an
animal-free, medical-grade hydrogel of CNF from wood sources. Partnering with
CELLINK, a prominent Swedish bioprinter supplier, the CELLINK Bioink consists of

CNF (from UPM Biomedicals) and alginate, and is available as an accessory Kkit.
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Distinct to both commercially available nanocellulose-based bio-inks, this thesis
examined the biological effects of tunicate-derived CNFs (including various
functionalisation), alginate (the most commonly used natural bio-ink candidate
according to a recent systematic review!?), and hyaluronic acid (a native component

part of human cartilage).

1.5 Aims and objectives

The central hypothesis postulates that nanocellulose is a biologically compatible

material for cartilage tissue engineering via 3D bioprinting approaches.

The aim of this thesis is to create a physiologically relevant advanced 3D in vitro model
for the purpose of examining the cytotoxic and pro-inflammatory effects of
nanocellulose-based bio-inks for cartilage tissue engineering purposes. This research
builds upon previous studies investigating dual components bio-inks with wood-

derived nanocellulose combined with either alginate 223 224 234

or hyaluronic acid
(unpublished data). A secondary aim is to refine the bio-ink formulation based upon
biological data generated from this thesis. The final optimal bio-ink formulation was
then applied to the advanced in vitro co-culture model created as part of the thesis for

biocompatibility testing.
The aims were met via the following objectives:

1. To establish material sterility and the cytotoxic and pro-inflammatory effects
of nanocellulose, alginate and hyaluronic acid against human dermal
fibroblast and human chondrocyte cell lines.

2. To create an advanced 3D in vitro model for the biological testing of
nanocellulose-based bio-ink intended for cartilage tissue engineering.

3. To conduct testing for cytotoxicity and pro-inflammatory effects of optimised
nanocellulose-based bio-ink using the developed advanced 3D in vitro model.

4. To trial RNA extraction from the advanced 3D in vitro model and conduct
global characterisation of the advanced 3D in vitro model using differential

gene expression analysis.
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Chapter 2: Materials and Methods
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2.1 Chemical and reagents

Table 2.1 List of materials used in thesis. Bio-ink materials are denoted by *.

Materials Brand (Cat No.)

3M sodium acetate solution, pH 5.2 Thermo scientific (R1181)
Alamar Blue™ HS cell viability reagent Invitrogen (A50101)
AllPrep® DNA/RNA mini kit Qiagen (80204)

C20A4 cell line Sigma-Aldrich (SCC041)

Calcium chloride dihydrate, suitable for cell culture

Sigma-Aldrich (C7902-500G)

CD15 antibody, anti-human, APC

Miltenyi Biotec (130-114-008)

CD44 antibody, anti-human, VioBlue®

Miltenyi Biotec (130-113-899)

CD44 microbeads human

Miltenyi Biotec (130-095-194)

Corgel® BioHydrogel 5% gel kit* Lifecore Biomedical, Inc (ENG
00152)

D(+)-glucose anhydrous Formedium (GLUO03)

DMEM (1x) Dulbecco’s modified eagle medium; [+] 4.5g/L  Gibco (41965)

D-Glucose, L-Glutamine; [-] Pyruvate

Dimethyl sulfoxide (DMSO)

Fisher (BO231-100)

Elastosil® RT 601 A

Wacker (60003804)

Elastosil® RT 601 B

Wacker (60003815)

ErB-2 (CD340) antibody, anti-human, PE, REAfinity ™

Miltenyi Biotec (130-124-473)

Erythrosin B stain

Logos Biosystems (L13002)

Fetal bovine serum (FBS)

Gibco (10270106)

HFF-1 cell line

ATCC (SCRC-1041™)

Hydrogen peroxide solution 30% (w/w) in H20, contains

stabilizer

Sigma-Aldrich (H1009)

Human IL-6 DuoSet ELISA

R&D Systems, Inc (DY206)

Human IL-8/CXCL8 DuoSet ELISA

R&D Systems, Inc (DY208)

Lactate dehydrogenase activity assay kit

Sigma-Aldrich (MAK066-1KT)

LB Broth Sigma-Aldrich (L3022)

LB Broth powder Melford (L24060)

LIVE/DEAD™ viability/cytotoxicity kit Invitrogen (L3224)

Nanocellulose blend, hydrophilic bioplus® (NCB)* GranBio (previously American

Process International LLC)

Nanocellulose crystals, hydrophilic bioplus® (CNC)*

GranBio (previously American

Process International LLC)

Nanocellulose fibrils, hydrophilic bioplus® (CNF)*

GranBio (previously American

Process International LLC)

Penicillin/streptomycin 100x or 10,000u/ml

Gibco (15140-122)
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Peptone

Formedium (PEP03)

Phosphate buffered saline (PBS; pH 7.4 1x, mgcl: + caclx

Gibco (14190-094)

free)

Phosphate buffered saline tablet (PBS) Sigma (P4417)
Probumin® Bovine Serum Albumin (BSA) Millipore (82-045-1)
Qubit™ RNA HS Assay Kit Invitrogen (Q32852)

Sodium alginate*

Sigma-aldrich (W201502)

Sodium hyaluronate - sterile research-grade (molecular

weight 1.59x10°Da)*

Lifecore Biomedical,

(HA15MS; Lot 029755)

Inc

Trypan blue solution

Sigma-Aldrich (T8154)

TrypLE™ Express [-] phenol red

Gibco (12604-013)

Trypsin Gibco (25300-062)
TuniCell CTC — carboxymethylated cellulose nanofibrils* Ocean TuniCell AS
TuniCell ETC - enzymatically pretreated cellulose Ocean TuniCell AS
nanofibrils*
TuniCell TTC — TEMPO-mediated oxidized cellulose Ocean TuniCell AS
nanofibrils*
Yeast extract powder Formedium (YEAO03)
2.2 General materials and equipment
Table 2.2 List of materials and equipment used in thesis.
Materials and Equipment Brand (Cat No.)
1ml luer syringe BD Plastipak (303172)
Iml syringe luer-lok™ tip BD (309628)

5ml plastic syringe (Fisherbrand)

FisherScientific (14955458)

96 well half-area plate Greiner Bio-One (675061)
Autoclave (Classic extended; for nanocellulose) Prestige Medical
Autoclave (VARIO 1528; portable) Dixons

Cell culture flasks T25 Greiner Bio-One (690175)
Cell culture flasks T75 Greiner Bio-One (658175)
Cell culture flasks T175 Greiner Bio-One (660175)

Cell culture microplate, 96 well, flat and clear bottom, black,

with lid (for alamar blue assay)

Greiner bio-one (655090)

Cell strainer 70um nylon Falcon (352350)
Centrifuge (for cell culture + bio-ink material) Hitachi (himac CT6E)
Centrifuge (for eppendorf) Eppendorf (5810R)
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Class II hood

ScanLaf Mars

Cover slips

Fisher Scientific (11961988)

Electric mixer (paint mixer)

Badger Air-brush Co. (121)

Eppendorf (200pl) Fisher Scientific (14230225)
Eppendorf (500pl) Fisher Scientific (14230200)
Eppendorf (1.5ml) Greiner Bio-One (616201)
Falcon tubes (15ml) Greiner Bio-One (188271)
Falcon tubes (50ml) Greiner Bio-One (227261)

Filter (Millex®-GP Millipore Express® PES membrane filter

unit (0.22um))

Merck Millipore Ltd (SLGP033RS)

Haemocytometer (Neubauer-improved Bright Line)

Marienfeld Superior (Counting

Chamber)

Light microscope (Axiovert 40C)

Zeiss

Light microscope (CKS53 40C)

Olympus

Liquid scintillation vials (with screw cap attached)

Sigma-Aldrich (Z190535-1PAK)

LS columns (for MACS)

Miltenyi Biotec (130-042-401)

Microcentrifuge (Starlab)

Starlab Group

Microplate, 96 well, half area clear (for ELISA)

Greiner Bio-one (675061)

Mr frosty™ freezing container
y g

Thermo Scientific (5100-0001)

nCounter Sprint cartridge Nanostring
nCounter Sprint reagent C Nanostring
nCounter Sprint reagent pack (contains reagent A and B and Nanostring (100079)
hybridisation buffer)

Pasteur pipette VWR (612-4497)

pH-indicator strips (MQuant®; non-bleeding)

Merck Millipore Ltd (MC038766;
1.09584.0001)

Pipette tips (20ul) Starlab (TipOne S1120-1810)
Pipette tips (200ul) Starlab (TipOne S1111-1706)
Pipette tips (1000ul) Starlab (TipOne S1111-6701)
Plate reader (FLOUstar Omega) BMG Labtech

Qubit™ flex assay tube strips Invitrogen (Q33252)
Rheometer (AR-G2) TA Instruments

Scale (for mg) Sartorius Research (R180 D)
Scale (for g) Sartorius (TE3102s)

Serological pipettes (Sml)

Greiner Bio-One (606180)

Serological pipettes (10ml)

Greiner Bio-One (607180)

Serological pipettes (25ml)

Greiner Bio-One (760180)

Slides

RS France (BPB019)

Static eliminator

Ohaus (ION-100A)
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Tissue strainers 250um (Pierce™) Thermo scientific (87791)

Tissue well plate (Falcon; 6 well) Corning (353046)
Tissue well plate (12 well) Greiner Bio-One (655180)
Tissue well plate (24 well) Greiner Bio-One (662160)
Transwell® companion plate Corning (353502)
Transwell® inserts (falcon® permeable supports) Corning (353091)
Waterbath (JB Nova) Grant Instruments

2.3 Bio-ink materials

All materials used for bio-ink creation and their suppliers are listed in table 2.1,
denoted by *. Material abbreviations, format as supplied, and chapters in which

materials were applied are summarised in table 2.3.

2.3.1 Concentrations of bio-ink materials

The concentrations of bio-ink materials were based on bio-ink formulations previously
investigated by Al-Sabah et al 23, Jessop et al ?** and Jovic et al (unpublished data).
Harmonisation of material concentrations was undertaken to address small
discrepancies between studies, and more crucially, the use of ratio for bio-ink
components. The next section details the rationale behind the final chosen

concentrations for each material: nanocellulose, alginate and hyaluronic acid.

Using the bio-ink containing nanocellulose and alginate as an example, bio-inks were
created using material concentrations at 80:20, 60:40, 40:60, 20:80 and 0:100 ratios
(nanocellulose:alginate) 22*, Whilst not an uncommonly adopted approach 2?7, this
resulted in differing concentrations of nanocellulose and alginate for each bio-ink
formulation (see table 2.4). Consequentially, it is difficult to attribute bio-ink
performance as a result of a single variable. Therefore, decision was taken to convert
ratios to concentrations, which improved clarity and facilitated the testing of

concentrations as an independent variable.
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Table 2.3 Summary of bio-ink material component abbreviations, form as supplied and thesis chapters in which
material were applied. Material used in final bio-ink formulations and tested in the advanced 3D in vitro model
are highlighted in bold.

Bio-ink Abbreviations | Supplied form Chapter
components
Pulp-derived | Nanocellulose blend NCB Gel 3
nanocellulose | Cellulose nanocrystals CNC
Cellulose nanofibrils CNF
Tunicate- Enzymatically pretreated ETC Gel 3,6,7
derived TEMPO-mediated oxidized TTC 3
nanocellulose | Carboxymethylated CTC 3
Alginate Alginate Alginate Powder 4
HA Tyramine-substituted HA T-HA T-HA as powder + | 5
HRP in solution
Non-tyramine-substituted HA | N-HA Powder 5,6,7

Table 2.4 Concentrations of nanocellulose and alginate in bio-inks of material ratios at 20% increments.

Concentration (mg/ml) Bio-ink material ratio (nanocellulose:alginate)
Stock 80:20 60:40 40:60 20:80 0:100
Nanocellulose 30 24 18 12 6 0
Alginate 25 5 10 15 20 25

With regards to nanocellulose and alginate, 75:25 and 80:20 ratios
(nanocellulose:alginate) were found to be superior, based upon the work of Al-Sabah
et al and Jessop et al, respectively 223224, With the work of Jovic et al on nanocellulose
and HA supporting the 80:20 and 60:40 bio-ink formulations (unpublished data), the
80:20 ratio was chosen on the basis that it most closely reflects work investigating all

three bio-ink components.

Therefore, with nanocellulose, the 80% concentration equivalent was selected as the
final bio-ink concentration. As nanocellulose was supplied in 3 concentrations (see
table 2.5), bio-ink containing 80% nanocellulose will yield varying final nanocellulose
content if a stock concentration is not defined. This further illustrates the drawbacks
of using a ratio-based approach to bio-ink formulations. In view of the technical
challenges in concentrating nanocellulose gel, 80% of the lowest supply concentration
was used to define the final bio-ink formulation (i.e. 80% of 25mg/ml, with final bio-

ink concentration of 20mg/ml). This was used in all toxicity testing to mimic the in
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vivo exposure dosage (chapter 3, 6, 7). However, for sterility testing, 100ul of the
nanocellulose gel as supplied was used, as described by Al-Sabah et al ?*3. The
rationale to test the nanocellulose without dilution was to avoid unnecessary material
handling, minimising the risk of introducing contamination and potential confounding

factor should non-sterility be detected.

Moving onto alginate, as described above, the 20% concentration equivalent of a stock
solution of 25mg/ml was selected. This was based on optimised material concentration
for ease of material dissolution and mixing to form hybrid bio-inks and pre-cross-link
shape fidelity post-print (i.e. maintenance of the 3D printed structure before cross-
linkage) 2% 224, This translated to 5mg/ml and was applied for all material testing as

well as bio-ink creation in this thesis.

With HA, a two-component bio-ink using nanocellulose and HA was previously tested
for material performance, printability and chondrogenic potential. Bio-ink ratios of
80:20 and 60:40 (nanocellulose:T-HA) were found to be superior in terms of
chondrogenic potential, an important bio-ink performance parameter for cartilage
tissue engineering (unpublished data). This equates to T-HA concentrations of 6mg/ml
and 12mg/ml. Due to the lack of distinction between the two concentrations, both will
be tested (chapter 5). A single final bio-ink concentration will be defined based on their
cytotoxic and pro-inflammatory effects, as well as their impact on cross-linking for the
creation of hydrogel discs for use in the advanced 3D in vitro model. Whilst
recognising that the nanocellulose concentration at the 60:40 ratio was lower, the
decision was taken to maintain nanocellulose at 20mg/ml (i.e. 80% equivalent), to
minimise extraneous variables. This is because nanocellulose was thought to be
strongly contributory towards the mechanical strength of the resultant construct, with
a higher concentration being more desirable, whilst the inclusion of HA primarily

supports chondrogenicity of this bio-ink.

The concentrations at which each bio-ink material was tested in this project, as well as
concentrations of material as supplied and stock solution created, are listed in table

2.5.
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Table 2.5 Supplied and final concentrations of bio-ink material components.

Bio-ink material Concentration (mg/ml)
Supply Stock solution Tested in thesis
NCB 30
CNC 60
Nanocellulose CNF 30 n/a 20
ETC 25
TTC 25
CTC 25
Alginate Alginate Powder 25 5
HA T-HA Powder 30 6+ 12
N-HA Powder n/a

2.3.2 Rationale behind selection of alternative material source

Each bio-ink component was tested independently (chapter 3-5) and combined as
hybrid bio-inks (chapter 6-7). Based on the initial results detailed in chapters 3 and 5,
alternative material sources were sought due to incompatibility of the original material
for use. Whilst the basis for transition to a new material source will be expanded upon
in their respective chapters, this section details the rationale behind selection of the

new material source.
2.3.2.1 Nanocellulose

Studies initiated with pulp-derived nanocellulose produced via the American Value
Added Pulping (AVAP®) technology. A chemical pre-treatment step with ethanol and
sulfur dioxide is applied to wood-pulp biomass. This fractionates the raw material to
remove hemicelluloses, lignin and the amorphous regions of cellulose 2*°. By tuning
the time and temperature of the pre-treatment step, nanocellulose of varying
morphology is produced. This includes a nanocellulose blend (NCB), cellulose
nanocrystals (CNC) and cellulose nanofibrils (CNF). The former, NCB, is created in
situ via the AVAP® process and contains both nanocellulose crystals and fibrils (i.e.
not a blend of CNC and CNF post-production). Being organically derived, not
subjected to sterilisation as part of its production and supplied as an aqueous slurry,
the pulp-derived nanocellulose was deemed unsuitable for use due to sterility issues

despite in-house sterilisation (section 3.3.1).
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As such, sterility was a key criterion for the selection of alternative sources of
nanocellulose. Whilst commercially available nanocellulose are relatively abundant,
options were significantly reduced once the sterility criterion was applied. Two sources
were identified. GrowInk™ (UPM Biomedicals) is an off-the-shelf bio-ink consisting
of plant-derived (birch) cellulose nanofibrils. It is available as a pure nanocellulose
gel, an anionic version of the pure gel and a hybrid version pre-mixed with alginate.
TuniCell, on the other hand, is marketed as a nanocellulose gel derived from tunicates
(marine invertebrates). TuniCell’s cellulose nanofibrils were available as three
variably functionalised products: enzymatically pretreated (ETC), TEMPO-mediated
oxidised (TTC) and carboxymethylated (CTC).

The final selection of TuniCell was based on its availability as a pure nanocellulose
product, with reported purity of >99%. Whilst GrowInk offers convenience as a pre-
made bio-ink, it is not intended for major modification, except for the addition of
biomolecules to influence cell signalling, such as growth factors and adhesion proteins.
TuniCell’s product therefore offered greater flexibility for the purpose of bio-ink
creation. The proprietary nature of GrowlInk also supported the selection of TuniCell,

to permit full transparency of bio-ink composition.
2.3.2.2 Alginate

In view of the longer study duration in culture conditions than previously tested (48
hours versus 21 days) 22, transition to culture grade alginate was made, using the same

supplier, although UV-treatment was maintained.
2.3.2.3 Hyaluronic acid

Two forms of HA were used in this thesis. Work initiated with tyramine-substituted
HA (T-HA) based on previous work on bio-inks consisting of nanocellulose and T-HA
(unpublished data). The chemical modification with T-HA permitted this form of HA
to be cross-linked with horseradish peroxidase and hydrogen peroxide (H202), and by
extension, cross-linking of nanocellulose: T-HA bio-inks. Due to the incompatibility of
T-HA to create an advanced 3D in vitro model, as detailed in chapter 5, an alternative

source of HA was sought.

The criteria for selection of an alternative HA were: 1) sterility, and ii) biomimicry. The

former criterion, like nanocellulose, markedly reduced available options. In terms of
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biomimicry, to more closely mimic native human cartilage, the desired form of HA
would be of a higher molecular weight (MW) and devoid of chemical modifications.
It was noted that the T-HA used in this project had a molecular weight of 750 kDa,
below that of human cartilage. Whilst the content and MW of HA varies between tissue
types and are influenced by age and disease states, the MW of HA in normal biological
fluid and tissues are high, ranging from 1000-8000 kDa 23237, There have been limited
studies examining HA specifically in facial cartilage. In human articular cartilage, the
MW of HA was greater than 2000 kDa in young adults, with lower MW found with
increasing age and with inflammatory or tissue remodelling processes 2. It was noted
that with increasing MW and content of HA, viscosity and visco-elasticity are
increased, producing a stronger 3D polymer network?*’, a desirable characteristic for
fabricating tissue-engineered cartilage. This formed the basis for which HA of a higher
MW was sought. Finally, regarding chemical modifications, as native HA in the human
body does not carry tyramine-substitutions, the removal of the requirement to cross-

link HA led to the final criterion of an alternative HA without chemical modifications.

Two alternative HA sources were identified which were both sterile and without
chemical modifications. The first was from the same supplier as T-HA, available in 11
MW ranges, from <10k to 1000-1800 kDa. A second source, from IFF N&H Norway
(trading as NovaMatrix®) was available with a MW 620-1150 kDa. Therefore, the
former was chosen due to the higher available MW, and will be subsequently referred
to as N-HA (non-tyramine-substituted HA). Due to the custom nature of the sterile

version of N-HA, the final MW of N-HA used in this project was 1590 kDa.
2.3.3 Preparation of bio-ink materials

The methodologies for the preparation of bio-ink materials, including sterilisation
where needed, are detailed below. All sterile materials are handled within the tissue
culture hood and in an aseptic manner when intended for cell culture or sterility testing
purposes. All stock solutions were made fresh immediately prior to use for cell-based
experimental purposes, and within two weeks of reconstitution for cell-free

applications.
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2.3.3.1 Tunicate-derived nanocellulose

Sterile tunicate-derived nanocellulose, which includes ETC, TTC and CTC, are
supplied in gel format at 2.5% in cell grade, pyrogen-free water. Available in 3ml
syringes, the tunicate-derived nanocellulose was used directly in sterility or material
toxicity testing and for the creation of bio-inks. There were no additional sterilisation
or preparatory steps. Storage was at 4°C and materials used within the expiry date
(shelf-life one year). Dilution of nanocellulose was performed with sterile ddH>O or

culture media as specified.
2.3.3.2 Alginate

Alginate was supplied as a powder. Sterilisation and reconstitution to create a stock
solution followed published methodology by Al-Sabah et a/ and Jessop et al. The
alginate powder was first sterilised by UV-C application (germicidal light at 254nm)
for one hour within a tissue culture hood. Sterilisation was performed with the alginate
powder in a 50ml falcon tube with the lid removed. Reconstitution was undertaken
immediately following UV-C application, with the application of sterile ddH>O or cell
culture media. Repeated cycles of mixing with a spatula and 10 minute placement in a
waterbath at 37°C was performed until a homogenous solution was reached.
Submersion in a waterbath was found to speed up the reconstitution process, and
parafilm cover of the lid was used to reduce the risk of contamination. The solution
was then stored at 4°C overnight and subjected to a final mixing prior to use. Stock

solutions were stored at 4°C.
2.3.3.3 N-HA

N-HA was supplied as a sterile powder, stored at -20°C. It was not subjected to
additional sterilisation procedures and was reconstituted in sterile ddH>O or culture
media to the desired concentrations. Mixing with spatula was initially trialled, but was
challenging due to the high viscosity of the resultant gel. An electric mixer was used
with success, taking care to add solvent in small aliquots. The metal mixer head was
sterilised by autoclave prior to use. Centrifugation at 1000G in 5 minute cycles was
performed to remove air bubbles. The stock solution was then stored at 4°C overnight

and subjected to a final mixing with spatula prior to use.
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2.4 Bio-ink creation

All bio-inks tested, their composition, applications and chapters in which they were
applied are listed in table 2.6. The methodology for bio-ink creation is hereby
described. The bio-inks were stored at 4°C, and handled aseptically when intended for

cell culture purposes.
2.4.1 Two-component bio-inks
2.4.1.1 Nanocellulose and alginate bio-inks

Pulp-derived nanocellulose (NCB, CNC, CNF) was sterilised and prepared as
described in sections 3.2.1 and 3.2.2 prior to bio-ink creation. Tunicate-derived
nanocellulose (ETC, TTC, CTC) was used as supplied. In both cases, dilution to
achieve the desired concentration was performed with the same solvent as alginate,
using either sterile ddH>O or media. Alginate was sterilised and prepared as a stock

solution, as described in section 2.3.3.2.

Mixing of the two materials was performed with repeated passages between two Sml
syringes connected with a luer-lock connector. Care was taken to avoid the
introduction of air bubbles. Homogenisation was seen at around 10-13 passages with
bio-ink made with media, where the phenol red in media eased visualisation of the
mixing process. As such, a minimum of twenty passages was performed for bio-ink

creation.
2.4.1.2 Nanocellulose and HA bio-inks

Pulp- and tunicate-derived nanocellulose were prepared in the same manner as for
nanocellulose:alginate bio-inks (see section 2.4.1.1). Sterilisation and preparation of
T-HA was performed as described in section 5.2.2.1. The stock solution for T-HA,
consisting of T-HA and HRP, was used to create bio-inks. For N-HA, reconstitution
was performed to the desired concentration with either sterile ddH>O and media as

described in section 2.3.3.3.
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Table 2.6 Summary of bio-inks, their compositions and thesis chapter applied. Bio-inks used for final toxicity
testing in the advanced 3D in vitro model are highlighted in bold.

Bio-ink Name Composition Application | Chapter
Nanocellulose | Alginate HA
~| = - . |2
E|E E £ £
£ E £ £l 2| e
HE £ > 3| %
R Sl |E|3
g S| 8 g g| 8 E| 2|3
£ 2| = =) s | 2 = 3| =
S S| S 2 S| & S| 2| &
NCB:Alginate NCB 20 | 5 - - water v |V 4
CNC:Alginate CNC 20 | 5 - - water | 4
CNF:Alginate CNF 20 | 5 - - water | 4
ETC:Alginate (water) ETC 20 | 5 - - water | v | V 4
TTC:Alginate (water) TTC 20 | 5 - - water | 4
CTC:Alginate (water) CTC 20 | 5 - - water | 4
ETC:Alginate (media) | ETC 20 | 5 - - media | v | v |V | 46
TTC:Alginate (media) TTC 20 | 5 - - media | 4
CTC:Alginate (media) CTC 20 | 5 - - media | 4
NCB:T-HA (low) NCB 20 | - T-HA | 6 water | 5
ETC:T-HA (low) ETC 20 | - T-HA | 6 water | 5
ETC:T-HA (high) ETC 20 | - T-HA | 12 | water | 5
ETC:Alginate:T-HA ETC 20 | 5 T-HA 6 water v 5
(low) in water
ETC:Alginate:T-HA ETC 20 | 5 T-HA 12 | water v 5
(high) in water
ETC:Alginate:T-HA ETC 20 | 5 T-HA 6 media | 5
(low) in media
ETC:Alginate:T-HA ETC 20 | 5 T-HA 12 | media | 5
(high) in media
ETC:Alginate:N-HA ETC 20 | 5 N-HA | 6 water v v 5
(low) in water
ETC:Alginate:N-HA ETC 20 | 5 N-HA | 12 | water v v 5
(high) in water
ETC:Alginate:N-HA ETC 20 | S N-HA | 6 media | v |V | V| 56,7
(low) in media
ETC:Alginate:N-HA ETC 20 | 5 N-HA | 12 | media | v 5
(high) in media

Mixing of nanocellulose and HA was performed in the same manner as with
nanocellulose:alginate bio-inks with repeated passages through two 5Sml syringes
joined by a luer-lock connector (section 2.4.1.1). Dilution to achieve the appropriate

HA concentrations was performed using either sterile ddH>O or media.
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2.4.2 Triple component bio-inks

The only form of nanocellulose used for the triple component bio-inks was ETC. It

was used as supplied without further preparatory steps.

For ETC:Alginate:T-HA bio-inks, stock solutions of alginate and T-HA were first
homogenised using an electric mixer, prior to being combined with ETC. Air bubbles

were removed by centrifugation at 1000G in 5 minute cycles.

With alginate and N-HA, initial trials of mixing stock solutions did not result in a
homogenous mixture, potentially due to marked viscosity when combining both
viscous materials. Methods trialled included the use of an electric mixer and prolonged
submersion in waterbath at 37°C. As such, the triple component bio-ink with N-HA

was created as follows.

Alginate powder was sterilised under UV-C as described in section 2.3.3.2. N-HA
powder was then added to the UV-treated alginate powder. Solvent (sterile ddH>O or
media) was added in small aliquots and mixed initially with a spatula until a ‘paste’
was formed. As further solvent was added and a viscous solution was created, an
electric mixer was used for further mixing until the correct volume was reached. ETC
in gel form was then added, again in small aliquots, and mixed with an electric mixer
until the bio-ink was created. Removal of air bubbles was achieved via centrifugation

at 1000G in 5 minute cycles, followed by gentle mixing with a spatula.

2.5 Cross-linker reagent

Calcium chloride (CaCly) and hydrogen peroxide (H>O2) were used as reagents to
cross-link bio-inks and create hydrogel discs. The cell encapsulated and/or surface-
cell-seeded hydrogel discs were then used in the advanced 3D in vitro models for
testing of the bio-inks. These were key reagents in the creation of the advanced in vitro
models and therefore subjected to cross-linker toxicity testing. The rationale for the
choice of concentrations of CaCl, and H,O, were detailed in section 4.3.3 and 5.3.1.3,

respectively.

Calcium chloride was supplied in powder form, and reconstituted in sterile ddH2O to

create solutions of 0.1, 0.5 and 1.0M. The solutions were then filtered using sterile
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0.22um Millex™-GP Filter Units, and stored at 4°C. Preparation of hydrogen peroxide

1s described in section 5.2.4.1.

2.6 Sterility testing

All bio-ink materials were subjected to sterility testing in the forms of a microbial
growth assay initially. Samples which exceeded the threshold for sterility were further

examined with bacterial isolation.
2.6.1 Microbial growth assay

The microbial growth assay determines the presence of microbial contamination via
increased optical density (OD). A rise in OD signifies turbidity of the culture medium
as a result of microbial proliferation. Lysogeny broth (LB) and yeast extract-peptone-
dextrose (YPD) were two culture media used, preferentially selecting for bacteria and
yeast respectively. As material agglomeration in culture conditions may also cause a
rise in OD, sterile PBS was introduced as a third ‘culture medium’, whereby a rise in
OD with LB or YPD, but not in sterile PBS would more likely indicate microbial

contamination.

The microbial growth assay was based on work by Al-Sabah et al. Material samples
(100pul) were added to 10ml of LB, YPD and sterile PBS, and incubated at 37°C under
constant agitation on a shaker??*. The form and concentrations of material tested are
specified in each respective chapters (chapter 3-5). Samples were tested as ‘stock’
material with minimal material handling and therefore tested un-cross-linked. LB
powder was reconstituted at 20g/L in dH>O. YPD was made with 1% yeast extract, 2%
peptone and 2% glucose (D(+)-glucose anhydrous) in dH,0O. Both LB and YPD were

sterilised by autoclave (121°C for 15minutes).

The study period was extended, from 48 hours??® to 21 days, to encompass the full
study period. Timepoints are as specified in the relevant sections (chapter 3-5), but

broadly covers day 1, 2, 5, 7, 14 and 21. Three biological replicates were undertaken.

Optical density was determined at 600nm using a microplate spectrophotometer. Three
technical replicates were undertaken for optical density readings, using 100ul of the

samples in a 96 well plate. Readings were corrected by subtracting the average reading
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of blank wells. The average of three technical replicates was used for each biological

repetition.

Negative controls consisted of culture medium subjected to the same experimental

conditions as the materials, termed ‘culture’, as well as without, termed ‘fresh’.
2.6.2 Bacterial isolation

An optical density of less than 0.1 is a widely accepted threshold for sterility. As such,
samples identified as ‘contaminated’ with an optical density greater than 0.1 were
subjected to bacterial isolation. Samples were inoculated and streaked on both LB and
YPD agar plates, incubated at 37°C and observed once daily for microbial growth.
Samples were discarded if no growth were observed following 7 days of incubation.
Macroscopic images were taken of positive cultures. Further delineation to identify
microbes were not undertaken, as it will not alter the outcome of material exclusion

from the study due to non-sterility.
2.7 Cell culture

Two cell lines were used: i) HFF-1 (human dermal fibroblast) and ii) C20A4 (human

chondrocytes.

The HFF-1 cell line was kindly provided by the research department, but is available
from ATCC® (SCRC-1041™). It is a human dermal fibroblast cell line, established
from human skin. In the context of cartilage tissue engineering, fibroblast, a key cell
type in wound healing and foreign body reaction processes, was used to investigate
the material-host interaction, and will contribute towards the advanced in vitro co-

culture model .

The C20A4 cell line was purchased from Sigma-Aldrich (SCCO041). It is a human
chondrocyte cell line established from rib cartilage. With chondrocyte being the
primary cell type in cartilage, its application in this project was to study the material-

host interaction of bio-inks intended for cartilage tissue engineering.

All cell culture work was undertaken using aseptic techniques and in a class II cabinet
with laminar flow. This section details procedures relevant for 2D cell culture

practices. Methodologies relating to the 3D in vitro model are described subsequently
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in section 2.10. The same cell culture procedures were applied for both cell types,

unless otherwise specified.
2.7.1 Culture media

Both the HFF-1 and C20A4 cell lines share a culture media, as recommended by their
supplier. Complete media was made by adding fetal bovine serum (10%) to the base
media, Dulbecco’s Modified Eagle’s Medium (DMEM). The addition of 1%
Penicillin-Streptomycin to the complete media aimed to reduce the risk of bacterial

contamination.
2.7.2 Thawing and initial seeding

Cells from liquid nitrogen were thawed in a waterbath at 37°C. The thawed cell
suspension was transferred to a 15ml centrifuge tube, and pre-warmed culture media
added to reach a total volume of 10ml. Cell pellet was achieved via centrifugation.
Supernatant was discarded and the cell pellet re-suspended in Iml of media, counted
(described in section 2.8.1 and 2.8.2) and transferred to culture flask at the desired
seeding density. Table 2.7 details the seeding densities for cell maintenance in 2D
culture, and centrifugation parameters for each cell type. Cells were incubated in a

humidified environment at 37°C and 5% CO:x.

Table 2.7 Seeding density for cell maintenance in 2D cultures and centrifugation parameters for HFF-1 and
C20A4 cell lines.

HFF-1 C20A4
Seeding density T75 flask 6x10° 1x10°
(cells/ml) T175 flask 1.4x108 2.3x108
Centrifugation parameters 270G for 5 minutes 300G for 5 minutes

2.7.3 Trypsinisation and subculturing cells

As recommended by the supplier, HFF-1 was subcultured when confluency was
reached, and C20A4 at 90% confluency. Trypsinisation to dissociate cells was
performed by first discarding the culture medium. The adherent cells were rinsed three
times with PBS to reduce the amount of residual serum, which contain trypsin
inhibitor. Pre-warmed trypsin was then added to the cells, and observed until cells were

rounded and detached. Media at double the volume of trypsin was added to neutralise
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the action of trypsin. The cell suspension was then transferred to a conical tube and
centrifuged to achieve a cell pellet. Cells were re-suspended in media (1ml with T75,

3ml with T175), counted and plated at the desired concentration.
2.7.4 Cryopreservation

Cryopreservation was performed at the earliest passages where able. Cells were
detached from culture flasks, pelleted and counted as described in section 2.7.3. HFF-
1 and C20A4 were cryo-preserved at 1.2x10% and 2x10° cells/ml, in complete media
with the addition of 10% dimethyl sulfoxide (DMSO). Cryovials were stored at -80°C
for 24h in a Mr. Frosty™ freezing container, prior to transfer to liquid nitrogen for

long term storage.

2.8 Cell line characterisation

Characterisation of both cell lines was conducted to understand cellular behaviour
prior to exposures to bio-ink materials and cross-linkers in 2D cultures, and application
in the advanced 3D in vitro model. Cytotoxicity and pro-inflammatory effects were
assessed with the trypan blue exclusion assay and IL-6 and IL-8 release (using ELISA),
respectively. This was supplemented by light microscopy assessment of cell
morphology over the study period of 21 days. To avoid the potential teratogenic
effects of trypan blue, a trial comparison with erythrosin B was undertaken prior to the
transition to the full adoption of erythrosin B. Methodologies of the aforementioned
assays and techniques will be first described, followed by results of the cell line

characterisation, and comparison between trypan blue and erythrosin B.
2.8.1 Trypan blue exclusion assay

The trypan blue (TB) exclusion assay was used for both cell counting and cell viability
assessment. Cell viability was assessed indirectly based on cell membrane integrity?®
239 The TB dye is impermeable to cell membranes of viable cells, but selectively stains
non-viable cells due to uptake of the dye into cells through compromised, and therefore
more permeable, cell membrane. Under brightfield microscopy, dead cells were

stained blue and live cells were unstained.
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The cell suspension, prepared as described in section 2.7.3, and the TB dye were mixed
in 1:1 ratio (total 20ul) and 10ul was loaded onto a haemocytometer. The number of
live (unstained) and dead (blue) cells were counted, and the total cell concentration,

live cell concentration and cell viability were calculated as follows.

Total and live cell concentrations in cells/ml were calculated following equation 2.1
below. Dilution factor was 1 and cell suspension was of 1ml. Total cell concentration
consisted of both live and dead cells, whilst live cell concentrations only of live cells.

Cell viability was calculated with equation 2.2.

Dilution factor
No. of squares counted

Equation 2-1 Cell concentration (cells/ml) = No. of cells counted x 4

No. of live cells

) S bt oy
Equation 2-2 Cell viability (%) No. of live + dead cells

2.8.2 Erythrosin B exclusion assay

Erythrosin B (EB), a cherry-pink food colouring, is a fluorescent dye impermeable to
cell membrane?*® 24!, It can also be used in a similar manner to TB in an exclusion
assay. To avoid the potential teratogenic effects of Trypan blue?** 24, EB was

introduced as a replacement of the TB exclusion assay.
2.8.2.1 Comparison of trypan blue and erythrosin B exclusion assay

The introduction of EB was undertaken shortly following the characterisation of the
HFF-1 cell line, one of the first cell-based studies in the thesis. It was hypothesised
that TB and EB would function equally effectively in the context of the dye exclusion
assay. Comparison between the TB or EB exclusion assay was undertaken prior to the
transition, and was performed as described in section 2.8.1. With the EB exclusion
assay, TB was replaced by EB in the same volume. HFF-1 was seeded at 2x10*
cells/cm?, the chosen cell density for the 2D model, based on results from the HFF-1
cell line characterisation (section 2.8.5). Comparison between TB and EB showed no
statistically significant difference between either dye when assessing the total and live
cell concentrations, and cell viability of the HFF-1 cell line over 21 days (figure 2.1).

The data supported the switch towards the EB exclusion assay. As a result, all cell
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counting and cell viability assays in this thesis were performed with the EB exclusion

assay, with the exception of HFF-1 cell line characterisation which used TB.

2.8.3 ELISA

The enzyme linked immunosorbent assay (ELISA) is a plate-based, labelled
immunoassay technique used to detect and quantify soluble substances, such as
proteins, peptides and hormones. The DuoSet ELISA kits used to quantify IL-6 and
IL-8 utilises the sandwich ELISA technique, which quantifies the cytokines between
two antibody layers (i.e. the capture and detection antibodies), hence termed
‘sandwich’ ELISA. Both interleukins are pro-inflammatory cytokines?** 24, IL-6 is an
important mediator of the acute phase response, triggering a multi-faceted response
via its action on various target organs. Its pro-inflammatory effects include the
activation of hepatocytes to produce acute phase proteins (such as the C-reactive
protein), stimulating bone marrow endothelium for the release of neutrophils, and
supporting the differentiation of effector T cells. IL-8 functions as a pro-inflammatory
chemokine. It is involved in the local inflammatory response, attracting neutrophils to
the site of injury as cells migrates along its concentration gradient. In the context of
the surgically implanted tissue-engineered construct, whilst inflammation is an
inevitable and necessary component in wound healing, the heightened and/or

prolonged release of IL-6 and IL-8 signals a more severe degree of inflammation. This
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Figure 2.1 Comparison of trypan blue and erythrosin B exclusion assay for the assessment of cell population
density and cell viability of HFF-1 in 2D monoculture over 21 days. Total cell concentrations (4), live cell
concentrations (B) and cell viability (C) were evaluated and the Mean#SEM is presented. N=3.

can result in a predominance of pro-fibrotic reaction, known as the foreign body
response, with scarring and impaired tissue regeneration that ultimately compromises

the function and performance of the implant®*°.

The ELISA procedural steps, as per manufacturer’s guidance, are outlined below and
depicted in figure 2.2. Reagent and standards concentrations are outlined in table 2.8.
As half area plates were used, all volumes indicated in the manufacturer’s instructions
were halved. All procedures were performed at room temperature. The reagent diluents
were 1% BSA in PBS for IL-6 and 0.1% BSA, 0.05% Tween 20 in Tris-buffered saline
for IL-8. The wash step specified below consisted of the aspiration of the contents of
each well, followed by three wash cycles using the wash buffer (300ul of 0.05%

Tween® 20 in PBS). Culture media with which IL-6 and IL-8 were measured were
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harvested, centrifuged (100G for 1 minute) to remove cellular or biomaterial debris

and immediately aliquoted and stored at -20°C until use.

For IL-6 and IL-8 quantification using the ELISA, half area 96-well plates were coated
with 50ul of the capture antibody and incubated overnight. Following a wash step,
block buffer (50ul of 1% BSA in PBS) was added and incubated for 1 hour. Wash step
was repeated. Samples and standards (50ul) were then added in triplicates and
incubated for a further 2 hours, followed by another wash step. Detection antibody
(50pld) was then added to each well and incubated for 2 hours again. Following a further
wash step, 50ul of Streptavidin-HRP was added, shielded from direct light and
incubated for 20 minutes. The wash step was repeated. Substrate solution (50ul) was
added, shielded from light, placed on a shaker and incubated for a further 20 minutes.
Finally 25ul of stop solution (2N H»SO4) was added. The plate was placed on a shaker
for a further minute before determining the optical density immediately using a
microplate reader. Light absorbance was recorded at 450nm and 570nm. Wavelength
correction to account for optical imperfections in the plate was performed by
subtracting readings at 570nm from readings taken at 450nm. A standard curve was
produced with known concentration of standards, and sample concentrations
determined, using a four parameter logistic (4PL) curve fit available via an open-
source software (MyAssays.com). Values were multiplied by dilution factors where

applicable.

Table 2.8 Concentrations of standards and reagents for IL-6 and IL-8 quantification with ELISA

ELISAs Standard Antibody concentration
concentration (pg/ml) Capture (ng/ml) Detection (ng/ml)

IL-6 9.38-600 1 100

IL-8 31.3-2000 1 50
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Figure 2.2 Schematic of sandwich ELISA for IL-6 and IL-8 using the DuoSet ELISA system. Capture
antibody specific for IL-6 or IL-8 was first bound to the floor of a 96 well plate, following which block buffer
was added to block any non-specific binding sites. Sample was added, with IL-6 or IL-8 bound to the capture
antibody. The biotin-labelled detection antibody, also specific for IL-6 or IL-8, was bound to the target analyte.
This formed the antibody-antigen-antibody complex, hence ‘sandwich’ ELISA. This complex was then detected
via the binding of Streptavidin to biotin. As Streptavidin was conjugated to the enzyme horseradish peroxidase
(HRP), colour change (blue) was produced with the addition of the substrate solution. Wash steps were
performed following each step, up to and including the addition of streptavidin-HRP. The final addition of the
acidic stop solution halted the enzymatic reaction between HRP and substrate, turning the colour from blue to
yellow. The intensity of the colour change was directly proportional to the presence and concentration of IL-6
or IL-8. Light absorbance was read using a microplate reader at 452nm, using 540nm for correction. A standard
curve was produced, with which sample concentrations were defined. Created with BioRender.com.

2.8.4 Light microscopy

Cell morphology was assessed using light microscopy. Three biological replicates
were imaged for each testing condition and timepoint. Three field of views were taken

per biological replicate, and representative images were shown in figures.

2.8.5 Cell line characterisation

Cell line characterisation was performed for both HFF-1 (human dermal fibroblast)
and C20A4 (human chondrocyte) to understand their growth profile, baseline pro-
inflammatory status and cell morphology in 2D monoculture over 21 days. This is

important prior to their applications for bio-ink material and cross-linker toxicity
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testing. Cell densities relevant to the in vivo scenario were selected as detailed below.
Time points tested were day 1, 2, 3, 5, 7, 14 and 21. Cell culture procedures were
detailed in section 2.7. Total and live cell concentrations, and cell viability were
monitored with trypan blue exclusion assay for HFF-1 and erythrosin B exclusion
assay with C20A4. The release of IL-6 and IL-8 as measured by ELISA examined cell
activation for pro-inflammatory states and cell morphology was visualised with light
microscopy. Methodologies for each examination are detailed in sections 2.8.1 (trypan
blue exclusion assay), 2.8.2 (erythrosin B exclusion assay), 2.8.3 (ELISA) and 2.8.4
(light microscopy).

2.8.5.1 HFF-1 cell line characterisation (human dermal fibroblast)

Fibroblast was selected to represent the biomaterial-host response. Whilst there is a
paucity in the literature detailing fibroblast density in the sub-dermal, subcutaneous or
sub-fascial planes (in which tissue engineered constructs would be implanted),
fibroblast density deduced from human skin biopsies was used as a surrogate. Gunin
et al demonstrated that fibroblast density in interfollicular dermis in human skin
biopsies decreased from 4000 cells/cm? to 2000 cells/cm? in the first ten years of
childhood, following which cell density remained fairly constant?*S, With limited
studies detailing fibroblast density in vivo, alternative studies were reviewed showing
seeding densities of human dermal fibroblast ranging from 2000 cells/cm? 27, 3800
cells/cm? 2* to 4000 cells/cm? 2#°, Indeed, these were relatively low cell densities for
the purpose of cell culture. Initial seeding density, as recommended by ATCC for the
HFF-1 cell line, was 8000 cells/cm?. In an alternative study, fibroblast density was
quoted as 2100-4100 cells/mm? 2%, which translates to approximately 2.1-4.1x10°
cells/cm? but this is difficult to convert to units relevant for 2D cell culture. Overall,
the cell density of 2000 cells/cm? was thought to be most representative of the adult
and older children population with which tissue engineered cartilage would serve.
However, due to the low cell density, this would produce a sparse cell population with
sub-optimal cell-to-cell interaction. Detection of cell effects, at such low density, was
also questionable. As such, as part of the cell line characterisation, three cell densities
was chosen on a log scale, and were tested with the aim of selecting the most suitable
cell density for use in subsequent studies: 2000 cells/cm? (low), 20,000 cells/cm? (mid)
and 200,000 cells/cm? (high).

79



2.8.5.1.1 Growth profile and cell morphology

Of the three cell densities tested, the high cell density (200,000 cells/cm?)

demonstrated an early decline in cell viability and a drop in total and live cell

concentration from day 2 onwards (figure 2.3C). Whilst there was a gradual recovery

of cell concentrations and cell viability between day 7 and day 21, this high cell density

was unsuitable for use with over-crowding from the point of seeding and confluence

reached on day 1 (figure 2.4).

In contrast, the low cell density showed sparse cell population and limited cell to cell

contact up to day 5 (figure 2.4). This is supported by low levels of total and live cell

concentrations, although a notable rise in cell concentrations was seen from day 7

onwards (figure 2.3A). This rise in latter timepoints was reflected by the light

microscopy images, with confluency reached between day 14 and day 21 (figure 2.4).
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Figure 2.3 Growth profiles of three cell densities of the HFF-1 cell line in 2D monoculture over 21 days. The
total and live cell concentrations and cell viability was assessed with the trypan blue exclusion assay. Cell densities
at 2,000 cells/cm? (low - A), 20,000 cells/cm? (mid — B) and 200,000 cells/cm? (high — C) were evaluated.
Mean+SEM is presented. N=3.
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Figure 2.4 Light microscopy of HFF-1 cell line characterisation in 2D monoculture over 21 days. Cell
densities were presented as: low (2,000 cells/cn®), mid (20,000 cells/cm?) and high (200,000 cells/cn?’). Scale
bars represent 200um.
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The mid cell density (20,000 cells/cm?) was deemed most suitable. Cells were suitably
but not overly sparse on day 1, which supported cell to cell interaction with
demonstratable cell proliferation, reaching confluency on day 7. This could be seen in
both the total and live cell concentrations (figure 2.3B) and light microscopy images
(figure 2.4). A decline in the rate of cell proliferation was seen between day 7 and day
14, likely reflecting the effects of contact inhibition as confluency was reached on day
7. However, following a slight drop in cell viability on day 14, cells regained their

proliferative status with cell viability maintained at above 80% throughout the 21 days.
2.8.5.1.2 Pro-inflammatory status

Trends in the release of IL-6 and IL-8 revealed marked differences between cell
densities, but was in the same vein when compared between IL-6 and IL-8 (figure 2.5).
HFF-1’s in high cell density showed elevated cytokines release which was likely due
to activation from over-crowding as well as an overall higher number of cell
population. This supports that the high cell density was unsuitable for use for the

advanced in vitro model.

As to the low cell density, IL-6 was non-detectable from day 1 to day 7, and whilst IL-
8 could be detected at low levels at an earlier stage, it was non-detectable between day
1 to 3. The extremely low cell population rendered cellular effects below the threshold
for measure. Taken together with the sparse cell density seen in light microscopy,
altered cell behaviour was deemed likely and therefore it was unsuitable for use for the

in vitro model.

Akin to the growth profile and cell morphology visualisations, the mid cell density
appeared both optimal amongst all cell densities tested, as well as being suitable for
its application for the advanced in vitro model. It was noted that elevated IL-6 and IL-
8 levels were seen at the latter timepoints on day 14 and day 21. This suggests cells
were activated and was in pro-inflammatory states which indicates possible limitation
of the model. This is mostly likely a direct result of over-confluency and will be taken

into account when applied for material toxicity testing in chapters 4 and 5.
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Figure 2.5 Cell line characterisation of the pro-inflammatory status of HFF-1 in 2D monoculture over 21 days.
1L-6 (A) and IL-8 (B) release were measured with ELISA. Cell densities at 2,000 cells/cm? (low), 20,000 cells/cm?
(mid) and 200,000 cells/cm’ (high) were evaluated. Mean+SEM is presented. N=3.

2.8.5.1.3 Section summary - HFF-1 cell line characterisation

From the three cell densities tested, it was concluded that the mid cell density (20,000
cells/cm?) was most suitable for use, based on growth profile, pro-inflammatory status

and light microscopy data. This will be applied in all future studies in this thesis.

2.8.5.2 C20A4 cell line characterisation (human chondrocyte)

The selection of cell density for human chondrocyte sought to mimic the in vivo
scenario. A wide range of cell densities had been investigated for the purpose of tissue
engineered cartilage, from 2-4x10° cells/ml?3!2, to higher concentrations at 1-6x107

CCllS/mlgS’ 255,256

Regarding human native cartilage, cell densities vary with location and decreases with
age. Homicz ef al examined 33 nasal septal cartilages harvested during surgery. The
average chondrocyte cell density was 24.9x10° cells per gram of wet weight. With a
range of 3.7-51.8x10° cells/g. A reduction of cell density at 7.4% for each decade of
increasing age was seen®>’. An alternative study, which examined 24 nasal septal
cartilage, showed a lower range of chondrocyte densities of 0.5-7.5x10° cells/g of wet
weight?*8, Although cartilage wet tissue density in porcine*® and bovine?®? cartilage

has been defined in the literature (1.08g/ml), it remained difficult to translate this for
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application based on the wide range of native cartilage cell densities, variance with age
and location, and relative paucity of studies reporting human cartilage wet tissue

density.

As such, the chosen cell density for this project was 3x10° cells/ml within the cell-
encapsulated bio-ink, as it most closely mimics the 3D bioprinted cartilage construct,
building on earlier research??* 224, The work of Al-Sabah et al and Jessop et al
investigated bio-inks consisting of nanocellulose and alginate with chondrocyte cell
densities of 2x10° cells/ml - 3x10° cells/ml. Jovic et al examined bio-inks consisting
of nanocellulose and HA with chondrocyte density of 3x10° cells/ml (unpublished
data). Nonetheless, cell at 3x10° cells/ml would be too densely populated and
incompatible with 2D cell culture. Therefore, considering the use of 100ul hydrogel
discs for the advanced 3D in vitro model, the cell number encapsulated within the
model was used instead. This translated to an initial seeding cell number of 3x10°
cells/well, accepting the relatively high cell density and its impact upon prolonged

culture period of 21 days.
2.8.5.2.1 Growth profile and cell morphology

Cell proliferation was seen initially immediately following seeding, with a rise in total
and live cell concentrations up to day 3 (figure 2.6). Following which, the threshold
for over-crowding was reached, causing a decline in cell concentrations on day 5 and

day 7, with a drop in cell viability on day 7 to under 80%. Corresponding light
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Figure 2.6 Growth profiles of the C20A4 cell line in 2D monoculture over 21 days. The total and live cell
concentrations and cell viability were assessed with the erythrosin B exclusion assay. The cell line and model were
incompatible on day 21 due to auto-detachment of cell sheet. Mean#SEM is presented. N=3.
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microscopy images showed 100% confluency on day 1 as anticipated based on the
high seeding density (figure 2.7A). There was an appreciable rise in cell numbers up
to day 3, whereby cells were more densely packed and a higher number of cells were
seen within each FOV. At latter timepoints, cell proliferation continued with
concentrations approximately doubling between day 7 and 14, and whilst cell viability
did not decline further, it was persistently below 80%. Cell morphology remained

similar between day 3 and 14.

However, the last timepoint on day 21 could not be reached due to over-confluency
and the auto-detachment of cell sheet (figure 2.7B left and middle). This was noted to
occur between day 17-19. The application of the erythrosin B exclusion assay to the
cell sheet and culture well contents showed the non-viability of cells with debris only
seen (figure 2.7B right). Trial of larger vessels including 6 and 12-well plates and T25
flasks did not improve matters, due to the high seeding density.

A) B
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Figure 2.7 Light microscopy of the C20A4 cell line characterisation in 2D monoculture over 21 days. (4) presents
cell morphology between day 1 and day 14. (B) demonstrated cell morphology and the auto-detachment of cell
sheet on day 21 (left and middle), and outcome of the erythrosin B exclusion assay on haemocytometer (right).
Scale bars represent 200pm.
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2.8.5.2.2 Pro-inflammatory status

Due to the auto-detachment of cell sheet and incompatibility of the model for C20A4
cell line characterisation for day 21, the assessment of the pro-inflammatory status was

only performed between day 1 and day 14.

In general, both cytokines demonstrated a static trend over the initial 3-5 days.
Following which, levels of IL-8 was first to rise which peaked on day 7, and IL-6 on
day 14 (figure 2.8). Both were suggestive of cell activation in their pro-inflammatory
state. Interestingly, IL-8 levels fell on day 14 despite a marked rise in cell
concentrations. This may reflect a degree of cellular dysfunction in conjunction with

reduced cell viability.
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Figure 2.8 Cell line characterisation of the pro-inflammatory status of C20A4 in 2D monoculture over 14 days.
1L-6 (4) and IL-8 (B) release were measured with ELISA. Mean#SEM is presented. N=3.

2.8.5.2.3 Section summary - C20A4 cell line characterisation

The 2D monoculture model of C20A4 permits an understanding of the growth profile
and pro-inflammatory status of the cell line prior to its application for bio-ink material
and crosslinker toxicity testing. The use of an end-application relevant cell density
resulted in marked over-confluency which was incompatible with the model on day
21, and with limitations on day 7 and 14. Nonetheless, the model supports a period of
cell proliferation, up to day 3, and an acceptable cell viability profile up to day 14.
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2.9 Lactate dehydrogenase assay

The lactate dehydrogenase (LDH) assay quantifies LDH, a cytoplastic enzyme which
is leaked into culture media via damaged cell membranes during cell stress and cell
death?%!: 262, The levels of LDH acts as a surrogate marker for cytotoxicity. An
advantage of the assay is the lack of manipulation of cells and the biomaterial in which

the cells are encapsulated within?®?

, and was applied in this project as a measure of
cytotoxicity of all 3D models. In the described assay, the levels of LDH were
quantified via the measurement of NADH. The reduction of NAD" to NADH occurs
when LDH catalyses the conversion of lactate to pyruvate. NADH was then detected

and quantified through a colorimetric assay.

The assay procedure followed manufacturer’s guidance. The master reaction mix was
made up immediately prior to the assay, at the ratio of 48:2 of assay buffer and
substrate mix, both supplied within the commercial kit. Standards (0-12.5nmole/well)
and samples at 10ul volume was added to each well of a 96 well plate. The master
reaction mix was then added to the 96 well plate to create a total volume of 50ul. This
was incubated on a horizontal shaker for 2 minutes whilst shielded from light. The
light absorbance was read at 450nm serially from 2 minutes onwards at 5 minutes
interval. This was performed until the value of the most active sample exceeded that
of the highest standard. The plate was shielded from light throughout and the assay
was conducted at room temperature. All samples and standards were run in duplicate

as recommended, with biological triplicates undertaken.

Data analysis utilised two sets of reading: the initial reading taken at 2 minutes, and
the readings from the penultimate capture, i.e. where the most active samples neared
but remained within the value of the highest standard concentration. Readings were
corrected by the subtraction of the average reading of the lowest standard (i.e. 0
nmole/well or blank). The change in measurement between Tinitial and Tfinal (AAa4s0)
was calculated by equation 2.3. The NADH standard curve was plotted, and the
amount of NADH for each sample determined using the AA4so against the standard
curve. The LDH activity was then calculated using equation 2.4, whereby B equals the
amount of NADH generated between Tinitiai and Trina (nmole). The reaction time

(minutes) was calculated by equation 2.5. The volume of sample in mls added to each
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well was represented by V. LDH activity therefore was nmole/min/ml (or milliunit/ml)

as per the kit’s instructions.

Equation 2-3 DAsso = (Asso)final = (Aaso)initial

B o
Equation 2-4 LDH activity (miliunit/ml) = (Reaction Gme) XV x Sample dilution factor

Equation 2-5 Reaction time = Tfinal - Tinitial

2.10 Hydrogel disc creation for 3D in vitro model

The creation of 100ul pellets was previously described by Al-Sabah et a/’?? and Jovic
et al (unpublished data) via the deposition of bio-inks using a 1ml syringe, shaped by
the indentations of a 96 well plate lid. This results in a dome-shaped or hemi-spherical
pellet. Due to the proposed work in this project, a relatively flat surface for HFF-1
surface cell seeding was sought and hence an alternative method to create hydrogel

discs was created.
2.10.1 Silicon mold creation

To create standardised 8mm wide hydrogel discs for the advanced 3D in vitro model,
donut-shaped silicon molds were created, following an in-house, previously optimised
protocol using Elastosil® RT 601 A+B (unpublished). The procedure is illustrated in
figure 2.9, and described as follows. The Elastosil® RT 601 was mixed by measuring
the correct volume of the very viscous part A, with the fluid part B added using a
pipette dropper drop by drop to achieve a part A:B ratio of 15:1. The mixture was
mixed vigorously using a 1000ul pipette tip, and transferred to 12 well plates using a
5 ml syringe. A volume of 1ml was added to each well, and the mixture was left to set
overnight at room temperature (figure 2.9A), whereby air bubbles within the mixture
were dissipated. The silicon disc was carefully lifted out the following day, taking care
to avoid damage to the disc (figure 2.9B). The central cut-out of the mold, whereby
bio-ink would be placed in future use, was created using an 8mm skin biopsy punch
tool (figure 2.9C), yielding a final donut-shaped mold (figure 2.9D). All molds were

sterilised by autoclave prior to use in cell-based studies.
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Figure 2.9 Creation of silicon molds. Elastosil® RT 601 A+B was mixed in 15:1 ratio (A:B), with 1ml/well added
to 12 well plate which set overnight at room temperature (4). The silicon discs were then lifted off the well plate

(B) the following day. The mold was created by applying an 8mm skin punch biopsy tool centrally (C), creating a
donut-shaped mold (D).

2.10.2 Creation of cell-free hydrogel disc

Hydrogel discs were created by the cross-linkage of 100ul of bio-ink with the relevant
cross-linker. This was applied firstly to determine the minimum gelation time required
to achieve a fully cross-linked hydrogel disc and also for the creation of cell-seeded

hydrogel discs used in the advanced 3D in vitro model for toxicity testing.

The preparation of bio-inks was described in section 2.3.3. Preparations of cross-
linkers were detailed in section 2.5 for CaClz and section 5.2.4.1 for H2O:. The creation

of silicon molds was described in section 2.10.1.

The procedure is hereby described and illustrated in figure 2.10. The silicon molds
were firmly pressed down into the centre of each well in a 6 well plate. Adherence was
confirmed by holding the plate upside down, whereby the molds should stay. The
addition of 100ul of bio-ink (preparation as described in section 2.4.1 for two
component bio-inks, and in section 2.4.2 for triple component bio-inks) was performed

using a Iml syringe, and the bio-inks added to the centre of the silicon mold. The apical

89



surface was smoothened using a 200ul pipette tip, and 600ul of cross-linker was
applied (figure 2.10A). Due to the slight concavity of the apical surface of the silicon
mold, a larger volume of cross-linker could be applied and retained above the bio-ink
and within the silicon mold. To maximise the amount of cross-linker available to the
bio-ink and thereby limiting the duration of cross-linker exposure, the maximum
volume of cross-linker that could be consistently applied and retained were chosen as
the standardised cross-linker volume (i.e. 600ul). Upon the completion of the desired
cross-linkage time, the cross-linker was removed by pipetting, and the silicon mold
eased off the base of the well, and the hydrogel disc pushed off the silicon mold if
needed. Each hydrogel disc was rinsed with 3 wash cycles of Iml of PBS in a 12 well
plate to remove any residual cross-linker. For the purpose of cell-seeded hydrogel disc,
the basal surface (figure 2.10B) was used over the apical surface (figure 2.10C) due to

the smoother surface topography.

Figure 2.10 Creation of cell-free hydrogel discs. Bio-ink (100ul) was added to the centre of silicon molds placed
in a 6 well plate. Cross-linkers (600ul) was added on top of the bio-ink (4) and removed following the desired
cross-linkage duration. The silicon molds were lifted from the plate and the hydrogel discs eased off the molds.
The smooth basal surface (B) and apical surface (C) of the hydrogel disc are shown.
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2.10.3 Creation of cell-seeded hydrogel disc

Three forms of cell-seeded hydrogel discs were created to mimic the in vivo scenario
of the implanted tissue-engineered cartilage implant. This included two monocultures
involving HFF-1 and C20A4 cell types, and combined to create the 3D co-culture
model. The fibroblast (HFF-1) was surface-seeded to mimic the material-host
interaction (figure 2.11A), and the chondrocyte (C20A4) was encapsulated within the
bio-ink and therefore hydrogel disc (figure 2.11B). The co-culture model was the
amalgamation of the two monoculture systems, as shown in the schematic (figure
2.11C). These were applied in the advanced 3D in vitro model (chapter 6 + 7). All

hydrogel discs and models were created and kept in sterile conditions.
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Figure 2.11 Schematic of cell-seeded hydrogel discs applied in the advanced 3D in vitro models. (A) represents
a surface-seeded hydrogel disc with human dermal fibroblasts, HFF-1, to investigate the biomaterial-host
interaction. (B) illustrates a cell-encapsulated hydrogel disc with human chondrocytes, C2044, to examine the
cell-material interaction for tissue-engineered cartilage. (C) shows the co-culture model of HFF-1 surface-seeded
and C20A44-encapsulated hydrogel discs.

2.10.3.1 HFF-1 (fibroblast surface-seeded hydrogel disc)

Cell-free hydrogel discs were created as described in section 2.10.2 and were always
created immediately before cell seeding. The rationale for the cross-linker choice
(0.IM CaCly) and duration of application (15 and 25 minutes) were as detailed in
section 4.3.3 and 5.3.1.3, for the two component and triple component bio-inks,
respectively. HFF-1 was cultured as described in section 2.7. Seeding density of the

hydrogel disc was 20,000 cells/cm?, as explained in section 2.8.5.1. The surface area
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of the hydrogel disc was calculated using the geometric equation for the area of a
circle: mr?, where r represents radius, and was 4mm deduced from an 8mm wide disc.
To control for seeding, the hydrogel discs following PBS washes were placed back in
fresh autoclaved-sterilised silicon molds secured to 12 well plates. The hydrogel discs
were flipped such that the smooth basal surface during cross-linkage now became the
apical surface. The cell suspension in 100ul volume of media was added to hydrogel
disc. The cell suspension volume was chosen to ensure the full cell suspension
remained within the central well of the donut-shaped silicon mold and not overspill
onto the outer surface of the silicon mold, such as in the case with the cross-linker

application. This was to ensure targeted cell seeding onto the hydrogel discs.

With a limited cell suspension volume, prolonged incubation was undesirable due to
the restriction of nutrients available to cells. Therefore, initial incubation periods of 2
hours and 24 hours were tested. Following the procedure described above, the hydrogel
discs topped with cell suspension were incubated at 37°C for 2 hours or 24 hours.
Following the defined incubation period, the cell suspension was removed by
pipetting. The hydrogel disc was then carefully removed from the silicon mold, taking
care to avoid handling of the cell-seeded surface, and transferred to a 24 well plate and
submerged in 1Iml fresh media and returned to incubation at 37°C. Cells were
visualised using Live/Dead staining, as described in section 6.2.3, which was
comparable between the two seeding time duration (data not shown). As such, a final

seeding duration of 2 hours was chosen for all future model creation.
2.10.3.2 C20A4 (chondrocyte-encapsulated hydrogel disc)

As chondrocytes were encapsulated within the hydrogel disc, the cell suspension was
pre-mixed with the un-crosslinked bio-ink prior to the creation of the hydrogel disc.
Cell density was 3x10° cells/ml and referred to the cell-encapsulated bio-ink. Bio-inks
were prepared as detailed in section 2.4.1 and 2.4.2 for the two or triple component

bio-inks, respectively, and were created fresh before cell seeding.

To account for the cell suspension volume, the reconstitution volumes for alginate and
HA were adjusted to ensure the correct cell density as well as material concentration
in the final cell-encapsulated bio-ink. Homogenisation of the bio-ink and cell
suspension was performed by passaging the bio-ink between two 5ml syringes with a

luer-lock connector. Care was taken to minimise the introduction of air bubbles, to
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passage slowly and gently with a minimum of 20 passages. Once the bio-ink was
seeded, creation of the cell encapsulated hydrogel disc continued as described in
section 2.10.2, the same as with cell-free hydrogel discs, except for the sterile
conditions. Following cross-linkage, the same procedure was also followed with the
removal of cross-linker, three PBS washes, transfer to a 24 well plate and submerged

in 1ml of culture media.
2.10.3.3 Co-culture

This described a fibroblast (HFF-1) surface seeded, chondrocyte (C20A4)
encapsulating hydrogel disc, as shown in figure 2.11C. For this, the C20A4-seeded
hydrogel disc was first created as described in section 2.10.3.2. This was followed by

the procedure for HFF-1 surface seeding as detailed in section 2.10.3.1.

2.11 Determination of the minimum gelation time in silicon molds

The minimum gelation time of bio-inks in silicon molds was tested with a variety of
bio-inks formulations and cross-linker choices and concentrations, as specified in
chapters 4 and 5. The minimum gelation time was defined as five consecutive
successful cross-link without residual uncross-linked hydrogel (figure 2.12). A step-
wise approach at 1 minute intervals was utilised, unless otherwise specified. The

procedure for cross-linkage in silicon mold was as described in section 2.10.2.

Figure 2.12 Determination of the minimum gelation time of bio-inks in silicon molds. Bio-inks (100ul) were cross-
linked in a standardised manner with the addition of 600 of cross-linker within a silicon mold to create hydrogel
discs (4). The minimum gelation time was defined as the time required (minutes) to achieve five consecutive
successful cross-linkage. (B) represents a successful cross-linkage with the creation of a hydrogel disc, whilst (C)
demonstrates an incomplete cross-linkage with residual un-crosslinked bio-ink.
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2.12 Rheological testing

Rheology is a branch of physics which studies the response of a material (deformation
or flow) when subjected to strain or stress. In the context of this project, it provides a
real-time, quantitative means of examining the change in the behaviour of bio-inks
when exposed to cross-linkers. The procedure of an oscillatory time sweep is hereby

described.

Oscillatory time sweeps were conducted using an AR-G2 Controlled Stress
Rheometer. In principle, the bio-ink sample is sandwiched between two rheometer
plates. The base plate remains stationary, whilst the upper plate oscillates and applies
stress or strain to the sample, whilst rheological parameters of the sample are recorded
at regular intervals. For this project, a 40mm diameter cone and plate geometry was

selected, which maximises the contact surface area compared to a parallel plate.

In a time sweep, time is the variable, and the temperature, frequency and applied strain
amplitude are kept constant. However, prior to the experiment, calibration was
performed to set the zero gap (gap between the two rheometer plates). A strain sweep
(increased levels of stress at a single frequency) was employed to determine the linear-

viscoelastic region (LVR) and the critical strain for the oscillatory measurements.

It is essential that the material fully occupied the space between the two rheometer
plates and with no air bubbles, all of which will distort measurements. For the setting
of the zero gap, the geometry was calibrated using rotational mapping. The sample
was loaded onto the centre of the base plate. The upper plate then gradually lowered
onto the sample until the gap (space between the rheometer plates) was completely
filled. The excess material at the periphery of the plates was removed using a spatula.
To avoid the risk of mechanical damage to the material, the normal force measure at
the lower plate was set at a maximum of 0.1N%34, The volume of un-crosslinked bio-

ink added for each experiment was 0.6ml.

The LVR describes the range within which the viscoelastic properties of the material
is independent of the applied strain. When high levels of strain are applied, material
may undergo changes to their microstructure, thereby affecting the rheological
parameters measured when recorded outside the LVR. In other words, by ensuring that
the applied strain was below this critical level, and therefore within the LVR, material

changes recorded over time would be reflective of the material change per se, and not
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impacted by the stress applied by the rheometer. All oscillatory time sweep was
performed within the LVR of the samples, as indicated by the stress sweeps (data not

shown).

Following a sample equilibration period of 5 minutes, with the rheometer’s lower plate
set at 22°C, the oscillatory time sweep was conducted with a constant oscillation stress
of 1Pa, at a frequency of 1Hz. A ring of cross-linker was applied to surround the bio-
ink and the rheometer plate. Initial testing revealed evaporation of the cross-linker over
time, and due to the geometry of the rheometer, the maximum volume of cross-linker
that could be applied to surround the bio-ink and rheometer plate without overspill was
700ul. The storage (elastic) modulus, G’, and loss (viscous) modulus, G”, were
measured every 3.5 seconds for a study period of 12 hours. Three replicates were

performed.
2.12.1 Gel point

In rheological terms, hydrogel in aqueous (solution) phase exhibit low levels of
polymer entanglements, permitting ‘flow’. The exposure to a cross-linking agent
initiates cross-links formation between polymer chains, restricting their free
movement. As the amount of cross-link formation increases, a critical point is reached
where gelation occurs. Also known as the gel point, this describes the transition from
a liquid to solid state. An operational definition of the gel point, at which the storage
(G’) and loss (G”) modulus at a single frequency equates, was used herein. As such, it
was explored to define the point at which complete cross-linkage was reached, to aid
the selection of the application time for cross-linkers for the 3D in vitro model creation.
During an oscillatory time sweep, the gel point is the intersection point of G’ and G”
over time. This was examined for all bio-inks subjected to rheological testing in

chapters 4 and 5.
2.12.2 Real-time monitoring of storage modulus during cross-linkage

The change of storage modulus (G”) over time was assessed to understand the change
in rheological properties of the bio-ink during cross-linkage. As such, the point at

which the cross-linker was applied during the oscillatory time sweep was time zero.
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2.12.3 Data visualisation using commercial rheometer software

Initial data visualisation was performed using TRIOS, the commercial rheometer
software. Data was presented in three formats: unsmoothed (figure 2.13A), smoothed
in log scale (figure 2.13B) and smoothed in linear scale (figure 2.13C). The storage
and loss modulus over time was visualised to examine for the gel point, and the plateau
point and pattern of change of the storage modulus during cross-linkage. Whilst
approximate estimates can be deduced from the graphs produced via the commercial
software, an alternative approach was explored for data interrogation detailed in the
next section. Of note, data smoothing was performed as a function of the TRIOS

software and precise methodology was proprietary knowledge.
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Figure 2.13 Storage modulus over time of bio-ink ETC:Alginate:N-HA (high) in ddH ;0 exposed to 0.1M CaCl;
processed via the TRIOS software. The same dataset was displayed as unsmoothed in log scale (4), smoothed in
log scale (B) and smoothed in linear scale (C). Data represents an oscillatory time sweep performed at 1Pa and
1Hz over 12 hours. N=1.
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2.12.4 Data analysis

Data cleaning was initially performed to remove artefacts and negative values. The
study duration of the oscillatory time sweep was set at 12 hours, with the intention of
extending beyond the anticipated plateau point of the storage modulus to improve the
likelihood of data capture. Gross data visualisation via the TRIOS software revealed a
sudden and marked disturbance of readings between 8-10 hours. Figure 2.14A
illustrates the abrupt change in storage modulus, which was accompanied with the loss
of the ring of cross-linker around the rheometer plate and sample (figure 2.14B left),
alongside the gap between the rheometer plates (figure 2.14B right). It was presumed
that evaporation of the 700ul cross-linker occurred during the 8-10 hour period, with
the subsequent exposure of bio-ink to air which causes dehydration and material
shrinkage resulting in the underfilling between the rheometer plates. This in turn

caused artefacts in the data. All datapoints beyond the abrupt change in storage
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, Gap between rheometer plate causing
cross-linker at 12h underfilling

Figure 2.14 Data artefact associated with underfilling of rheometer. (4) represents the storage modulus over
time of bio-ink ETC:Alginate:N-HA (high) in ddH2O exposed to 0.1M CaCl, displayed via the TRIOS software.
The data represents an oscillatory time sweep performed at 1Pa and 1Hz over 12 hours. N=1. The timepoint of the
acute change in storage modulus was denoted by vertical line, and data beyond this timepoint was artefact. (B)
illustrates the evaporation and loss of cross-linker surrounding the rheometer plate on the left, and the gap between
the upper and lower rheometer plates demonstrating under-filling on the right.
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modulus was deemed unsuitable for data analysis. The timepoint that this occurred
was deduced from visual inspection of graphs produced from the TRIOS software and
datapoints were manually removed. In addition, a small volume of negative values of

storage modulus was also removed as artefact.

In summary, for data cleaning, removal of the major artefact shortened the study period
to be analysed from 12 hours to a minimum of 8 hours (figure 2.15A). Whilst there
was a notable number of negative storage modulus values (figure 2.15B), whereby the
highest number was associated with the bio-ink ETC:Alginate:N-HA (high) in media,
this was proportionally an insignificant number given the very high number of
datapoints captured in total (figure 2.15C). A minimum of 8000 datapoints were

analysed per experiment.
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Figure 2.15 Summary of data cleaning for oscillatory time sweeps assessing the rheological parameters of bio-
inks exposed to cross-linker. Six bio-inks were examined as illustrated in the figure legend. ETC represents
nanocellulose and N-HA is hyaluronic acid, which was tested in a high and low concentration and reconstituted in
media or double-distilled water (ddH>0). The difference between the full study period of a minimum of 12 hours,
and the study duration following the removal of major artefacts is represented in (4). The number of negative values
of the storage modulus for each bio-ink across the study period is shown in (B). The total number of datapoints
collected for each bio-ink, together with the number of analysed datapoints represented by the group termed
‘artefacts removed’is shown in (C). Mean£SEM. N=3.

Data analysis was undertaken for all ‘clean’ datapoints, using the curve estimation
function with SPSS. The cubic equation carried the highest R? value considering all
bio-inks and triplicates combined, and was therefore selected as the best fit equation.

Mathematically, due to the unsmoothed nature of the raw data where much noise

98



existed, an R? of 0.5 was deemed satisfactory, with the ideal R? value being one. Table
2.9 lists all R? values for each bio-ink tested, including replicates. The application of
the curve estimation to identify the best fit equation served to both reduce the noise of

the data, and permit extrapolation of data for storage modulus and time.

Table 2.9 The R’ value of cubic equation estimation of oscillatory time sweeps. Six bio-inks were examined. ETC
represents nanocellulose. N-HA is hyaluronic acid, which was tested in a high and low concentration, and
reconstituted in media or double-distilled water (ddH,0). N=3.

Bio-inks
ETC:Alginate ETC:Alginate:N-HA(low) | ETC:Alginate:N-HA (high)
media ddH»0 media ddH:0 media ddH»0
Rep 1 0.83 0.60 0.91 0.72 0.89 0.54
Rep 2 0.84 0.83 0.89 0.71 0.50 0.53
Rep 3 0.78 0.82 0.87 0.89 0.86 0.89

The cubic equation for each dataset, as identified with SPSS, was then plotted and
interrogated using Wolfram Mathematica for the following: the plateau point of storage
modulus (G’ value and time), the time to reach 50% of the plateau of G’, and G’ values
at 5, 15, 30 minutes, 1 and 4 hours, time of plateau, and time of plateau plus 30 and 60
minutes. These were deduced from the cubic equation directly, except for the plateau
point. This was derived from the inflection point of the cubic curve, solved by the time
where gradient equals zero. Figure 2.16 illustrates the curve estimates produced for
one dataset following the procedure described. Figure 2.16A represents the curve
estimation output from SPSS with each blue dot representing a datapoint, and the
various curve estimations produced. The cubic equation from SPSS was plotted in

Wolfram Mathematics as shown in figure 2.16B.

2.13 Toxicity testing

Testing for cytotoxicity and pro-inflammatory effects upon HFF-1 and C20A4 was
conducted against individual bio-ink components (material — chapters 3, 4, 5), cross-
linkers (chapters 4, 5) and the cross-linked bio-ink in the form of an advanced in vitro

model (chapter 6). Following which, transcriptomics study was applied upon the 3D
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Figure 2.16 Data interpretation and visualisation of an oscillatory time sweep. (4) represents the curve estimation
output as produced with SPSS. (B) showed the cubic equation and the plot with Wolfram Mathematica. N=1.

in vitro model (chapter 7). Table 2.10 summarises study parameters. All studies were

conducted with three biological replicates.

Testing in 2D cultures was conducted against HFF-1 and C20A4 monocultures, whilst
both monocultures and co-culture with both cell types were performed for 3D cultures.
Exceptions are as shown in table 2.10. In 2D cultures, this was due to unfavourable
toxicity profile with one cell type, which deemed further testing irrelevant and
unnecessary. For 3D cultures, it was a result of incompatibility of the testing model

with physiologically relevant material concentrations or cell seeding density.

Assays for cytotoxicity and pro-inflammatory response were kept consistent, except
for cytotoxicity where erythrosin B exclusion assay was applied for 2D cultures and

the LDH assay was used with 3D cultures, with the addition of alamar blue assay and
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Table 2.10 Summary of material, cross-linker and bio-ink toxicity testing parameters. Timepoints tested are
denoted by: ¢ day 1,2, 3,5, 7, 14,21, Oday 1, 3, 5, 7, 14, 21, #5, 15, 30 minutes, 1, 4 hours and day 1, 2, 5, 7.

5 7
> g g |
= 2 | 2 £ g Y
Material toxicity testing

Nanocellulose C20A4 3D LDH assay IL-6 + IL-8 - .
(ETC,TTC,CTC) (ELISA)
Alginate HFF-1 2D Y .

C20A4
T-HA HFF-1 2D Erythrosin B IL-6 + IL-8 Y .
(0.006 + 0.012g/ml) exclusion assay (ELISA)
N-HA HFF-1 2D Y .
(0.006 + 0.12g/ml) C20A4

Cross-linker toxicity testing
CaCl HFF-1 2D Y #
(0.1, 0.5, 1.0M)
CaClL: 0.1M C20A4 2D Erythrosin B IL-6 + IL-8 Y #
H:0: HFE-1 2D exclusion assay (ELISA) Y m
(5, 10, 15, 20, 25uM;
5, 10, 15, 20, 25mM)
Bio-ink toxicity testing

ETC:Alginate HFF-1 3D LDH assay - .
ETC:Alginate:N-HA (low) | C20A4 Alamar blue assay | IL-6 +IL-8
in media Co- Live/dead (ELISA)

culture staining
ETC:Alginate:N-HA (low) | C20A4 3D Transcriptomic study with - O
in media Co- Nanostring

culture

live/dead staining with final testing of the bio-inks. Cell morphology was assessed

with light microscopy for all 2D cultures.

Testing of materials and bio-inks was conducted over an acute (day 1, 2, 3, 5, 7) and
chronic (day 14, 21) timeframe. Transcriptomic study was abbreviated to six of the

seven timepoints over 21 days (exclusion of day 2), due to the 12 samples per panel
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Nanostring system and cost. Cross-linker toxicity testing involved timepoints
reflective of cross-linker application duration (5, 15, 30 minutes). To assess the cellular
effects of potential residual cross-linker within the hydrogel disc system, intermediate
timepoints included 1 and 4 hours, and chronic timepoints represents worst case

scenario (day 1, 2, 5, 7).

With 2D cultures, material and cross-linker exposures were conducted 24 hours
following seeding. In 3D cultures, as this primarily involved the encapsulation of
chondrocytes in nanocellulose or bio-ink, seeding and exposure was considered to

occur simultaneously. The day 1 timepoint refers to 24 hours following exposures.

Due to the dissolution of material (alginate and HA) in media for 2D material toxicity
testing, media change was rationalised to 50:50 removal and exchange of media on
day 7 and day 14. Calculations for ELISA and LDH assay therefore included a dilution
factor of 2 for day 14 and of 4 for day 21. This aimed to balance the need for fresh
media and nutrients for cell health, whilst recognising the unknown pharmacokinetics

of the materials tested and therefore alternative dosing regimes were not feasible.

For 2D cultures, all negative controls were exposure-free, cell-only cultures treated
under the same experimental and culture conditions. With 3D cultures, negative
controls included a cell only 2D culture for monoculture scenarios, and a material only,
cell-free control to account for material interference of assays. Negative control was
not conducted for the transcriptomic study. The positive control for the erythrosin B
exclusion assay was 0.1% Triton to achieve complete cell death rapidly.
Lipopolysaccharide (LPS) is a component of the outer membrane of gram-negative
bacteria. It is an endotoxin and is commonly used as positive control for its pro-
inflammatory effects. In this project, 1pg/ml LPS was used as the positive control for
all ELISAs testing for the release of IL-6 and IL-8, and was applied to both 2D and

3D culture conditions.

For the assessment of pro-inflammatory effects, cytokine release per cell were
calculated where specified. This was performed to account for the varied cell
concentrations seen over time, as well as between exposure or culture conditions. Total
cell concentrations, as determined by the erythrosin B exclusion assay, was used for

this calculation throughout. An alternative option would be to use the live cell
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concentration, but this may generate low cell numbers not representative of the full

study period, with the pro-inflammatory effects erroneously magnified.

Finally, as experiments were conducted in parallel, including cell-free cross-linkage
studies, whilst results are presented sequentially, extra care was taken to specify the
form and concentrations of material, cross-linker and bio-ink tested in each chapter.
Table 2.6 tabulates the composition of each bio-ink and their assigned names are kept

consistent through the thesis.

2.14 Statistical analysis

Handling of raw data was performed with Microsoft Office Excel. Statistical analysis
was performed using GraphPad Prism, unless otherwise specified. Statistical analysis
was undertaken for studies with a minimum of three biological replicates. The results
were presented as mean * standard error of the mean (SEM). Ordinary two-way
ANOVA was performed using Tukey’s multiple component test. The p-value was

considered significant if p <0.05.
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Chapter 3: Nanocellulose — core bio-ink material:
Establishing sterility and its biological effects on HFF-1 and
C20A4 cell lines
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3.1 Introduction

Utilising a hybrid and natural approach, the bio-inks under investigation consisted of
nanocellulose and alginate, with or without hyaluronic acid (HA). Nanocellulose,
being the core material component, constitutes the focus of this chapter. The purpose
here was to explore the biological effects of various forms of nanocellulose with the
view to select a single, most optimal form to take forward for the final bio-ink
formulation, which in turn will be used in biocompatibility testing in the advanced 3D

in vitro model (chapter 6 and 7).

Material sterility was an essential criterion, which must be met for two reasons. Firstly,
to permit end-application of cartilage tissue engineering in the long term, and secondly,
to achieve the project’s goal of biocompatibility testing in the format of an in vitro cell-

based model in the immediate term. As such, it was the first investigation undertaken.

Following confirmation of material sterility, the next step was to explore their
biological effects in terms of cytotoxicity and pro-inflammatory effects against the
human dermal fibroblast (HFF-1) and human chondrocyte (C20A4) cell lines. Six
forms of nanocellulose were investigated, including pulp- and tunicate-derived

nanocellulose.
The aims of this chapter were:

1) To establish the cytotoxic and pro-inflammatory effects of nanocellulose
against HFF-1 and C20A4 cell lines.

i) To identify the optimal nanocellulose form to be used in the final bio-ink
formulation based on biological evaluation.

The three aims were met via the objectives below:

1. To establish standardised material preparatory procedures for pulp-derived
nanocellulose.

2. To investigate the sterility of pulp- and tunicate-derived nanocellulose over 21
days.

3. To assess the cytotoxicity and pro-inflammatory response of HFF-1 and C20A4

cell lines when exposed to nanocellulose.
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3.2 Methods

All methods used in this chapter pertaining to microbial growth assay (section 2.6),
cell culture (section 2.7), LDH assay (section 2.9) and ELISA (section 2.8.3) were
previously described in Chapter 2 (Material and Methods). Specific sections are

referenced as detailed below.

The sterilisation and material preparation of pulp-derived nanocellulose will be
described first, followed by details of sterility testing and material toxicity testing.
Figure 3.1 serves as a schematic of parameters for both sterility and material toxicity
testing conducted in this chapter. It outlines the nanocellulose forms investigated,

assays used and testing conditions and timepoints.
3.2.1 Sterilisation of pulp-derived nanocellulose

Pulp-derived nanocellulose, in hydrogel form, was initially decanted into 50ml Falcon
tubes as 40ml aliquots. A reduced volume was used to account for expansion during
autoclaving and for ease of material handling and spillage avoidance during
subsequent material preparation (outlined in section 3.2.2). Each aliquot was subjected

to moist heat sterilisation via a single automated autoclave cycle at 121°C.

Published sterilisation protocols using autoclaving described the use of bench-top
autoclaves with slight variance of temperature and cycle duration (126°C for 20min
with Al-Sabah et al, 2019; and 121°C for 30min with Jessop et al, 2019) 223224 As
both reflected the use of a single autoclave cycle, the same approach was used in this
project, taking care to maintain consistency via the use of the same autoclave machine

throughout the study period.
3.2.2 Material preparation of pulp-derived nanocellulose

The sterilised pulp-derived nanocellulose were subjected to centrifugation at 1500G
for 5 minutes to achieve phase separation. The liquid supernatant was exchanged with
ultrapure water at 1:1 volume ratio to reduce the amount of residual bleaching
chemical and lignin fragments from the nanocellulose extraction process and material

acidity.
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Figure 3.1 Schematic of chapter 3 workflow. Sterility testing was conducted against pulp-derived (nanocellulose
blend (NCB), cellulose nanocrystals (CNC), cellulose nanofibrils (CNF)) and tunicate-derived nanocellulose
(enzymatically pretreated nanocellulose (ETC), TEMPO-mediated oxidised (TTC), carboxymethylated (CTC)).
Microbial growth assay involved incubation of nanocellulose in lysogeny broth (LB), yeast extract-peptone-
dextrose (YPD) or sterile PBS between 1-21 days. Optical density (OD) was measured at 600nm using
spectrophotometer. Bacterial isolation of non-sterile samples with OD >(.1 were performed by streaking on LB
and YPD agar plates. Material toxicity testing was conducted using ETC against HFF-1 with a trial of three models
of exposures over 7 days, and C2044 encapsulated within three types of tunicate-derived nanocellulose over 21
days. Cytotoxicity (lactate dehydrogenase assay) and pro-inflammatory effects (IL-6,IL-8) were assessed. Created

with BioRender.com.
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Figure 3.2 Schematic of preparation of pulp-derived nanocellulose prior to testing and use. Centrifugation of
autoclaved nanocellulose hydrogel at 1500G for 5 minutes produces liquid supernatant. This is exchanged with
sterile ultrapure water in 1:1 volume to reduce residual bleaching chemicals from nanocellulose production.
Alkalinisation of resultant hydrogel completes nanocellulose preparation. Created with BioRender.com.
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Following homogenisation by mixing with a spatula, neutralisation of the
nanocellulose was achieved via drop-wise addition of sodium hydroxide until a pH of
7 was reached, confirmed using pH indicator strips. This process is depicted in figure

3.2.

The above steps were applied subsequent to sterilisation in order to minimise handling

of non-sterile material in the laboratory, and thereby reduce the risk of contamination.

Published methodologies and in-house protocols were reviewed and harmonised??* 224,
They were in effect identical, except for the exchange of supernatant following
centrifugation. This was an important distinction as removal versus exchange of the
liquid supernatant will alter the wt.% of the resultant nanocellulose, and therefore dose
in future biological testing. Corresponding authors of the protocols were consulted,
confirming the exchange of liquid supernatant and this was kept for the protocol used

in this study.
3.2.3 Material sterility testing

Material sterility testing was undertaken as described in section 2.6. All materials were
subjected to microbial growth assay in LB, YPD and sterile PBS (section 2.6.1).
Samples with an optical density (OD) of greater than 0.1, a widely accepted threshold

for sterility, were subjected to bacterial isolation (section 2.6.2).

Pulp-derived nanocellulose, which included NCB, CNC and CNF, were tested
untreated as supplied and sterilised via autoclaving (section 3.2.1). Sterile tunicate-

derived nanocellulose, which included ETC, TTC and CTC, were tested as supplied.

Testing involved 100ul of the nanocellulose gel as supplied, with sterilisation
performed where indicated. Materials were not subjected to further preparatory
procedures prior to being put forth for sterility testing. Timepoints of the microbial

growth assay were day 1, 2, 5, 7, 14 and 21.
3.2.4 Cell culture

The culture of HFF-1 fibroblast and C20A4 chondrocyte cells were conducted as

previously described in section 2.7.
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3.2.5 Material toxicity testing
3.2.5.1 HFF-1 cell line (human dermal fibroblast)

This section details the pilot testing conducted to examine the feasibility of material
toxicity testing with HFF-1 exposed to nanocellulose. To mimic the implant-host
contact interface, models sought to create direct contact between HFF-1 and a ‘surface’

of nanocellulose.

A dose of 0.02g/ml was chosen to reflect the potential maximum realistic dose as this
is the nanocellulose concentration of the bio-ink (as discussed in section 2.3.1). A total
volume of 3ml was chosen to ensure sufficient supernatant were available for analysis
following centrifugation to remove nanocellulose. This step was necessary to reduce
the risk of material interference of the assays. In a total volume of 3ml, this translates
to 2001ul ETC of 3 wt% and 999ul media. The relatively large volume of
nanocellulose hydrogel stock required to achieve a physiologically relevant
concentration posed challenges in achieving cell culture condition. As such, three
exposure methods (models 1-3) were tested, as shown in figure 3.3. This pilot testing

was conducted using tunicate-derived ETC, with a sample size of 1.

In model 1, HFF-1 were seeded in the same manner as in cell line characterisation
(section 2.7). Nanocellulose was added 24h after seeding to permit cell attachment.
This model is the simplest in concept, with nanocellulose added directly to 2D cell
culture. There were, however, concerns that the viscosity and volume of nanocellulose
on top of the HFF-1 monoculture could impede cellular access to nutrient and gaseous
exchange. Therefore, negative effects observed maybe a result of the model itself, and

not necessarily effects from the material exposure per se.

In model 2, HFF-1 was seeded on top of the nanocellulose, which was added first to
the well plate. This aimed to counteract the limited access to media and oxygen as in
model 1, however, the ability for cell attachment to un-crosslinked nanocellulose were

uncertain, as is the potential downstream physiological impact.

In model 3, the Transwell insert was used to primarily preserve cell culture conditions
for HFF-1. Cells were added to the insert, whilst nanocellulose were added to the well
plate (figure 3.3). A key limitation was the indirect contact between cells and material

due to separation by the insert membrane, which did not reflect the in vivo scenario.
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Here, cell seeding was carried out in a 500pl cell suspension, and the residual media
volume to dilute the nanocellulose hydrogel stock. Nanocellulose were added 24h

following cell seeding to mimic model 1.

In model 1 and 3, media were exchanged at the point of nanocellulose exposure. For
each model, the negative control consisted of cell only without nanocellulose
exposure, and a cell-free, material only control to account for material interference of

assays.

Direct inspection of each model macroscopically was supplemented by biochemical
assessment with measurement of IL-8 (methodology outlined in section 2.8.3) and
LDH (section 2.9) release. Cytotoxicity was measured using the LDH assay, as the

model formats were incompatible with the erythrosin B exclusion assay.

Model 1 Model 2 Model 3

Figure 3.3 Schematic of material toxicity testing of nanocellulose against HFF-1. Tunicate-derived
enzymatically pretreated nanocellulose at 0.02g/ml were exposed to HFF-1 over 7 days, in three model set-ups.
Model 1 — HFF-1 seeded on well plate and nanocellulose added 24h after seeding. Model 2 — nanocellulose first
added to well plate and cell suspension applied onto nanocellulose. Model 3 — using Transwell insert,
nanocellulose added to well plate and cell seeded on apical surface of insert membrane, with indirect contact
between material and cells. Created with BioRender.com.

3.2.5.2 C20A4 cell line (human chondrocyte)

In contrast to exposure against HFF-1, chondrocytes were mixed within the
nanocellulose hydrogel stock at the relevant cell and material concentration (sections
2.3.1 and 2.7). Cytotoxicity and pro-inflammatory effects were assessed using the
LDH assay and ELISA for IL-6 and IL-8 release, respectively (methodologies outlined
in section 2.9 for LDH assay and 2.8.3 for ELISA). The 3D exposure scenario
alongside negative and positive controls, as well as 2D cultures, are depicted in figure

3.4.
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Figure 3.4 Schematic of material toxicity testing with C20A4 exposed to nanocellulose. A/B/C (top row)
represent 3D scenarios with nanocellulose, and are as follows: A) nanocellulose only without cells cultured in
media to test for material interference of downstream assays; B) C2044 exposure to nanocellulose; C) same as
(B), but with addition of positive controls (0.1% Triton X for LDH assay, and 1ug/ml LPS for IL-6 and IL-8
release assessed with ELISA). D/E (bottom row) represent 2D scenarios without nanocellulose and are as follows:

D) C2044 2D monoculture; E) same as (D), but with addition of positive controls as listed for (C). Created with
BioRender.com.
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3.3 Results and Discussion
3.3.1 Material sterility testing
3.3.1.1 Pulp-derived nanocellulose

Sterilised samples showed an OD of greater than 0.1, mostly at latter timepoints (figure
3.5A). CNF showed the overall highest OD values, reflecting the greatest degree of
microbial growth. This was especially the case on day 14 and 21, in LB and YPD.
CNC displayed variable OD across the study period, exceeding the 0.1 threshold as
early as day 5. NCB was considered the best performing nanocellulose with regards to
sterility, maintaining OD <0.1 in both media until day 7. It was interesting to note
different microbes were isolated from NCB, CNC and CNF. Representatives were
shown in figure 3.5B/C/D. However, sterilised samples with OD >0.1 did not yield

macroscopically detectable microbes for up to 21 days of culture.

Regarding sterile PBS as the culture medium, OD remained less than or close to 0.1
for both sterilised and non-sterilised material up to day 21, suggesting the rise in OD

in media was less likely to be due to material agglomeration alone.
3.3.1.2 Tunicate-derived nanocellulose

To permit longer term study as intended, an alternative sterile form of nanocellulose
was introduced, which was the tunicate-derived nanocellulose. All three types of
tunicate-derived nanocellulose were subjected to the microbial growth assay in the
same manner as the pulp-derived nanocellulose. They all remained under the 0.1 OD
threshold throughout the 21 day period, suggesting suitable sterility profile (figure
3.6). Whilst the OD remained below the threshold of 0.1, heightened variance was
noted on day 7 with sterile PBS, and therefore additional testing were carried out for
both media types and sterile PBS to bring to a total sample size of 5 on day 7. This did
not alter the overall conclusion that sterility is maintained for all three tunicate-derived

nanocellulose up to 21 days.
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Figure 3.5 Sterility testing and bacterial isolation of pulp-derived nanocellulose. A) Assessment of sterility
and material effects on optical density in lysogeny broth (LB), yeast extract-peptone-dextrose (YPD) and sterile
PBS. Three types of pulp-derived nanocellulose (nanocellulose blend (NCB), nanocellulose crystals (CNC) and
nanocellulose fibrils (CNF)) were investigated. Autoclaved sterilised and non-sterilised nanocellulose in LB,
YPD or sterile PBS were incubated at 37°C under constant agitation over 21 days. Media or PBS without
nanocellulose served as negative control. Optical density measured at 600nm. Accepted arbitrary threshold for
sterility at <0.1 denoted by horizontal dotted line. Mean£SEM is shown. N=3. Significance represented as
follows: comparison of sterile and non-sterile materials at same timepoints p <0.05 (%), comparison of non-
sterile materials between day 1 and day 2-21 p <0.05 (#); and comparison of non-sterile materials and cultured
negative control at same timepoints p <0.05 (8). B-D) Morphology of microbial growth from non-sterile

nanocellulose streaked on agar plate at day 7. Nanocellulose and culture medium as follows: B) NCB on YPD,
C) CNC on YPD, D) CNF on LB.5
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Figure 3.6 Sterility assessment of tunicate-derived nanocellulose. Sterility assessment in lysogeny broth (LB) and
yeast extract-peptone-dextrose (YPD) and material effects in sterile PBS on optical density. Three types of tunicate-
derived nanocellulose (enzymatically pretreated (ETC), TEMPO-mediated oxidized (TTC) and carboxymethylated
(CTC)) were investigated. Sterile nanocellulose were incubated at 37°C under constant agitation over 21 days.
Media or PBS without nanocellulose served as negative control. Optical density measured at 600nm. Accepted
arbitrary threshold for sterility at <0.1 denoted by horizontal dotted line. Mean#SEM is shown. N=3, except n=>5
onday 7. Significance when compared to negative ‘media only’control at each timepoints is denoted by *(p<0.05).

3.3.1.3 Section summary and discussion — material sterility testing

The project initiated with the sterility assessment of the three forms of pulp-derived
nanocellulose. Each nanocellulose form, with both a sterilised and untreated version,
were assessed for sterility using a microbial growth assay with two forms of media.
Microbial contamination was seen in the non-sterilised samples, as anticipated. This
was the case for all three forms of nanocellulose (NCB, CNC and CNF), and with both
media types (LB and YPD).

The pulp-derived nanocellulose initially investigated in this project was a
commercially available product from GranBio Technologies. It was supplied in a non-
sterile, hydrogel format, stored at 4°C. Previous successful sterilisation with autoclave
treatment permitted use in cell culture conditions for up to 48 hours 223, Sterilisation
and sterility testing in this project were therefore undertaken following published
methodologies 2%, but with the timeframe for testing extended to encompass the full
study period of 21 days. In response to sub-optimal sterility at latter timepoints, a
sterile form of nanocellulose (tunicate-derived and commercially available from
Ocean TuniCell) was introduced and subjected to the same sterility testing

methodologies.

Sterilisation by autoclaving was performed based on Al-Sabah et al’s study evaluating

three sterilisation methods, which also included UV-C light and the application of 70%
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ethanol 2%, The reported study investigated three pulp-derived nanocellulose from
GranBio Technologies, the same as that used in the current research. Building on this

work, sterilisation was undertaken in the same manner.

Whilst the threshold of 0.1 for OD to indicate sterility is arbitrary, this is well-accepted
in the field of microbiology. As such, the crossing of this threshold for pulp-derived
nanocellulose raised concerns regarding material sterility, despite no macroscopic
microbial growth during bacterial isolation. Nonetheless, without further
investigations such as enriched or prolonged culture, microbial contamination cannot
be excluded. This posed two questions: 1) Were the conclusion valid regarding
microbial contamination, with other causes contributing to the rise in OD?; 2) In the
case of assumed or proven contamination, should this be addressed via attempts to

optimise the sterilisation process, or to seek alternative sterile source?

The first question was addressed through an added investigation with sterile PBS as
the culture medium. This did not produce a rise in OD as seen with LB or YPD, and
therefore supported the notion that the rise in OD were a result of microbial
contamination. However, material agglomeration can be influenced by intrinsic (e.g.
material concentration) and extrinsic factors (e.g. solution conditions, temperature).
Lysogeny broth, yeast extract peptone dextrose and PBS, with varying amounts of salt,
chemical and protein content, may alter agglomeration behaviour leading to differing
OD, unrelated to microbial growth. Ultimately, it was prudent to adopt a cautious
stance regarding sterility given the overarching aim of the project. As such, autoclaved
pulp-derived nanocellulose was considered unsuitable from a sterility perspective,

which led to the second question listed above.

Alternative sterilisation methods or further optimisation of autoclaving were both
potential avenues in response to microbial contamination. Options included ethylene
oxide, gamma irradiation, and use of antibiotic or antimycotic medications 264,
However, considering the organic (plant-derived) nature, non-sterile manufacturing
process and hydrogel format, which leant a greater risk of microbial growth compared
to dry powder forms, a degree of microbial contamination was assumed at the point of
supply. Whilst optimised sterilisation could achieve sterility, mitigation of endotoxin

and defining product shelf-life would need to be addressed. This rationale led to the

adoption of the second approach of identifying an alternative sterile nanocellulose
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source. Sterility was confirmed via the microbial growth assay, establishing its
suitability for further biological testing. Review of the literature suggests that no prior
published studies using tunicate-derived nanocellulose from Ocean TuniCell intended
for tissue engineering purposes examined material sterility as part of their

investigation.

Regarding bioburden of nanocellulose, the vast majority of studies that focused on
tissue regeneration application did not undertake an evaluation of sterility. Boix-
Lemonche et al accounted for the presence of mycoplasma in an ex vivo cultured
corneal model 2%. Alternative studies which investigated bioburden in terms of
microbial contamination and endotoxin were both of nanocellulose-based wound

dressings and not for tissue engineering purposes 266267,

In conclusion, regarding the choice of nanocellulose put forward for testing of their
biological effects, sterility for the full study period of 21 days was deemed essential,
given the intended goal of clinical translation. As such, pulp-derived nanocellulose

were excluded for biological testing, despite NCB maintaining OD <0.1 up to day 7.

3.3.2 Material toxicity testing
3.3.2.1 Trial of HFF-1 cell line (human dermal fibroblast)

Model 1 and 2 which involved direct exposure of HFF-1 with nanocellulose, were
deemed incompatible with cell culture conditions demonstrating minimal IL-8 release
by HFF-1 across all timepoints (figure 3.7A), suggestive of cell non-viability. Whilst
model 3 showed similar levels of IL-8 release between material exposure and cell only
negative control, IL-8 release subsequently declined between day 2-7. Therefore, all
three models were deemed unsuccessful and could not be used to assess material

toxicity.

Furthermore, the relatively low level of LDH measured, as compared to cell only
negative control, went against the presumed rise in cell non-viability for all three
models. Again, this likely indicated model failure or nanocellulose interference with

the LDH assay.
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In culmination, it was concluded that it was not feasible to assess the material toxicity
of nanocellulose against HFF-1 at physiologically relevant concentration and exposure
scenarios. Non-direct contact between cells and nanocellulose in model 3 were
incongruent with the end-application in vivo scenario and therefore further
optimisation was not undertaken.
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Figure 3.7 Trial testing for pro-inflammatory response and cytotoxicity of nanocellulose against HFF-1 2D
monoculture over 7 days. Three models of exposure were tested: model 1) Nanocellulose added to HFF-1 seeded
on tissue culture plate (TCP); model 2) HFF-1 cell suspension added to nanocellulose in TCP,; and model 3)
Indirect contact exposure with nanocellulose in TCP well and HFF-1 seeded on Transwell insert. A) IL-8 release
by HFF-1 and lactate dehydrogenase assay (LDH) were used to assess model feasibility. N=1. B) Images of TCP
well of each model demonstrating relative volume of nanocellulose and media.

3.3.2.2 C20A4 cell line (human chondrocytes)
3.3.2.2.1 Cytotoxicity

Chondrocytes exposed to all three forms of tunicate-derived nanocellulose exhibited a
similar trend of LDH release over time. An initial stable level of LDH was observed

between day 1 and 5, followed by rising levels of LDH from day 7 to 21 (figure 3.8).
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Similarly, LDH levels were comparable between chondrocytes exposed to
nanocellulose and chondrocyte-only 2D negative controls at early timepoints.
However, from day 7 onwards, greater LDH levels were seen in 2D chondrocyte-only
negative control than in cells exposed to any of the three forms of nanocellulose.
Statistically significant differences were reached on day 14 and 21, and for all three
forms of nanocellulose, both between timepoint comparison to day 1 and comparison

between cells exposed to nanocellulose and cell-only 2D negative controls.
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Figure 3.8 Cytotoxicity testing of tunicate-derived nanocellulose against C2044 over 21 days. Exposure
consisted of C2044 encapsulated within 100ul un-cross-linked nanocellulose under submerged condition.
Negative control consisted of 2D cell culture without nanocellulose. Material interference of assay tested with
material only, cell-free negative control. Positive control with 0.1% Triton X were applied to 3D and 2D cultures.
A-C represent three types of nanocellulose tested: A) Enzymatically pretreated, B) TEMPO-mediated oxidized and
C) carboxymethylated nanocellulose. Mean#SEM of lactate dehydrogenase activity is presented. Significance
between day 1 and day 2-21 denoted by * for nanocellulose-exposed C20A44 (3D) and # for negative cell only
control (2D): p<0.05 %% p<0.01 *#/#% p<0.001 »»%/##% p<0.0001 #7444 N=3.
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Interestingly, quantifiable levels of LDH were detected with the material only, cell-
free controls. Levels of LDH between the material-only control and cells exposed to
nanocellulose were similar and low, up to day 5. At latter timepoints, the levels of LDH

measured in the material-only controls when compared to cells exposed to

nanocellulose were variable. They were higher on day 7, comparable on day 14 and
lower on day 21, when compared to cells exposed to nanocellulose. However, this
pattern was consistent across the three nanocellulose form and at each specific
timepoints. Whilst detectable LDH levels in material-only, cell-free control suggests
potential material interference of the LDH assay, the consistency in trends would

permit comparison across the nanocellulose forms.

To aid direct comparison between the three forms of nanocellulose, figure 3.9 was
compiled. There was no statistically significant difference in LDH release measured
when chondrocytes were exposed to ETC, TTC and CTC. Therefore, no superiority of
a specific tunicate-derived nanocellulose form was observed, based on cytotoxicity as

assessed by the LDH assay.
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Figure 3.9 Comparison of lactate dehydrogenase (LDH) activity between three tunicate-derived nanocellulose
upon exposure against C2044 over 21 days. Tunicate-derived nanocellulose investigated were enzymatically
pretreated (ETC), TEMPO-mediated oxidised (TTC) and carboxymethylated (CTC) nanocellulose. C2044 were
encapsulated within 100l un-cross-linked nanocellulose and cultured in submerged condition. Negative control
constituted nanocellulose-free 2D cell culture. Mean£SEM of LDH activity is presented. N=3.
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3.3.2.2.2 Pro-inflammatory response

Similar to cytotoxicity, chondrocytes exposed to the three forms of tunicate-derived
nanocellulose all displayed increased levels of IL-6 and IL-8 release over time (figure
3.10). This was most notable on day 14 and 21, with relatively low or non-detectable
levels between day 1 to 7. Whilst model effects maybe contributory to the rise in pro-
inflammatory effects at latter timepoints, differences observed between the variably
functionalised nanocellulose suggests that material effects were present, which will be

discussed in latter parts of this section.

Considering possible material interference on the ELISA assay, in contrast to the LDH
assay, negligible or non-detectable levels of IL-6 and IL-8 were found with all three
tunicate-derived nanocellulose forms at all timepoints. Whilst material interference
cannot be fully excluded, this result indicates that the rise in pro-inflammatory
mediators witnessed in exposure or positive control scenarios were more likely due to

the exposure chemicals.

To facilitate direct comparison of the tunicate forms, figure 3.11 clearly demonstrates
that ETC was the least pro-inflammatory across all timepoints. This nanocellulose
form (ETC) consistently induced the lowest levels of IL-6 and IL-8 by chondrocytes,
compared to TTC and CTC. This was statistically significant on day 7 for IL-6 and
day 5, day 7 and 21 for IL-8. It was also interesting to note that whilst CTC induced
the highest levels of IL-6 and IL-8 in the acute phase (day 1-7), this was superseded
by TTC in the chronic phase (day 14-21). This indicates that the differences in physico-
chemical properties between the TEMPO-mediated oxidised and carboxymethylated
nanocellulose fibrils, not only produced varied biological responses, but a temporal

element could also influence final biological outcomes.

The difference between the nanocellulose forms were also appreciated when reviewing
comparisons between material exposure and cell-only 2D negative control, and
between material exposure and 3D positive control with LPS (figure 3.10). Using the
material-free, cell-only 2D negative control as the comparator, the superiority of ETC
as the least pro-inflammatory was clear, as levels of IL-6 and IL-8 remained below
that of the negative control throughout, except on day 21 with IL-8. Conversely, both
TTC and CTC exposures led to, at times, higher levels of IL-6 and IL-8 release when
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Figure 3.10 Pro-inflammatory effects of tunicate-derived nanocellulose against C20A4 over 21 days. Exposure
consisted of C2044 encapsulated within 100ul un-cross-linked nanocellulose under submerged condition. Negative
control consisted of 2D cell culture without nanocellulose. Material interference of assay tested with material only,
cell-free negative control. Positive control with LPS were applied to 3D and 2D cultures. Three types of
nanocellulose tested were: A) enzymatically pretreated (ETC), B) TEMPO-mediated oxidized (TTC) and C)
carboxymethylated nanocellulose (CTC). Mean#SEM of IL-6 (i) and IL-8 (ii) released is presented. Significance
between day 1 and day 2-21 denoted by * for nanocellulose-exposed C2044 (3D) and # for negative cell only
control (2D): p<0.05 ## p<0.01 #*#/## p<0.001 #*=»#/77#% p<0.0001 #=##/7##77 N=3.

compared to cell-only negative controls. This difference was most marked in chronic

timepoints (day 14-21) with TTC, although this was not statistically significant.

Moving onto positive controls and firstly reviewing 2D cultures, a heightened pro-

inflammatory response was shown when chondrocytes were exposed to LPS, although
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the effects were less marked at latter timepoints. However, when reviewing 3D
cultures, the pro-inflammatory responses of chondrocytes to the addition of LPS
diverged between the three nanocellulose form, again, hinting at the impact of their
varied functionalisation. The nanocellulose of interest, due to its lowest pro-
inflammatory effects, ETC, conferred a slight delay in the mounting of pro-
inflammatory response by chondrocytes when compared to cells in 2D culture (day 21
versus day 14). This delay, in mounting a pro-inflammatory response in the 3D system
when exposed to LPS, was not seen at all with TTC, whereby chondrocytes exposed
to TTC mounted a similar, if not greater, pro-inflammatory response compared to the
3D positive control. Finally, the effects of CTC displayed a less clear trend, and laid
somewhere between that with ETC and TTC.
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Figure 3.11 Comparison of IL-6 and IL-8 release between three tunicate-derived nanocellulose upon exposure
against C2044 over 21 days. Tunicate-derived nanocellulose investigated were enzymatically pretreated (ETC),
TEMPO-mediated oxidised (TTC) and carboxymethylated (CTC) nanocellulose. C2044 were encapsulated within
1004l un-cross-linked nanocellulose and cultured in submerged condition. Pro-inflammatory mediators A) IL-6
and B) IL-8 were measured. Mean#SEM is presented, significance between nanocellulose types at each timepoint
are denoted by *(p<0.05 # p<0.01 ## p<0.001 *»# p<0.0001 **#*x). N=3.

In summary, the un-crosslinked enzymatically pretreated form of tunicate-derived
nanocellulose (ETC) was deemed the least pro-inflammatory towards chondrocytes,
for up to 21 days. Carboxymethylated nanocellulose (CTC) was the most pro-
inflammatory in the acute phase (day 1 to 7), whilst the TEMPO-mediated oxidised
form (TTC) replaced CTC on this regard in the chronic phase (day 14 to 21).
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3.3.2.3 Section summary and discussion — material toxicity testing

Firstly, it is worth noting that both pulp- and tunicate-derived nanocellulose were
available in three forms from each commercial supplier. Table 3.1 summarised known
physico-chemical properties of the six nanocellulose forms. Full material
characterisation as recommended by Foster et a/ in a review of parameters and
techniques used for the characterisation of nanocellulose was outside the remit of this

study?¢®,

Nonetheless, the influence of varying physicochemical properties on
potential structure-activity relationships and therefore biological impact was
acknowledged. It was interesting to note that whilst pulp-derived nanocellulose
included nanocellulose crystal (CNC), fibrils (CNF) and ‘blend’ (NCB) forms 234 233,
tunicate-derived nanocellulose were all ‘nanocellulose fibrils’ but variably
functionalised. Published data relating to the material characterisation of these specific
forms of tunicate-derived nanocellulose is lacking and information is presented from

the product specification information supplied by Ocean TuniCell.

Table 3.1 Physicochemical properties of pulp- and tunicate-derived nanocellulose. The dimensions of all forms
of nanocellulose used in the thesis and additional physicochemical characteristics are presented®? >34,

Pulp-derived Tunicate-derived
CNC CNF NCB ETC TTC CTC
Nanocellulose | Nanocellulose | Nanocellulose | Enzymatically | TEMPO- Carboxy-
crystals fibrils blend pre-treated mediated methylated
oxidised
Width (nm) 4515 29+ 18 17+12 8.55+3.37 6.2+ 1.49 4.99+1.28
Length (nm) 222 £ 139 1627 £ 1252 925+ 787 2519 £ 827 2262 £ 2017 £1063
1026
Aspect ratio 49 55 55 296 £ 97 365+ 17 412+76
Viscosity (Pa-s) - - - 96.37 £0.05 107.67 £ 101.75 +
3.33 16.05
Degradation peak - - - 359 (onset 315 (onset 296
(°C) 325) 268)
Degree of - - - 3900 — 4200 3600 — -
polymerisation 3900
Crystallinity 93 88 - 89.07 £ 1.6 86.83 £ -
index (%) 0.66
Zeta potential Average -23.3+5.4 -7.48 ~-16.9 -40.3 ~ -
(mV) -57.2
Elemental - - - C 42.72%; H 6.14%; O -
analysis 48.14%; N <0.05%; S
<0.01%
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3.3.2.3.1 Tunicate-derived nanocellulose

As arelatively new product on market, there were limited published data regarding the
biocompatibility of the tunicate-derived nanocellulose from Ocean Tunicell used in
this study. The next section provides a focused overview of 12 published studies
specific for this nanocellulose form, which differs to the broader approach taken in the
discussion of the biocompatibility of nanocellulose for tissue engineering in section

1.4.3.

Of the 12 studies, the majority (9 studies) were intended for tissue regeneration
applications, with 2 studies looking at wound dressings 2% 27 and 1 for microbeads
purposes 2%, Only one out of nine studies assessed chondrocytes for cartilage
regeneration?’’. Fat was the most common tissue type with three studies 27!273,
followed by cornea (eye) 23 26° and vascular tissue 27> 27 with two studies each. A

further study utilised human dermal fibroblast to study tissue engineering applications,

with no specific end-organ target stated 22,

All nine studies evaluated cross-linked constructs consisting of a hybrid material
which included nanocellulose. As such, independent effects of nanocellulose were not
assessed, with the approach of this chapter distinct to those reported in the literature
and therefore results are not directly comparable. Of the three variably functionalised
forms of nanocellulose, ETC were the most commonly studied (5 studies) 23% 272273,
followed by TTC (2 studies) 23329 In two articles, the specific form of nanocellulose

was not stated 27%-271

, and at the point of writing, there was no published data relating
to CTC. As hybrid materials, alginate was combined with nanocellulose, with or

without additional additives, in all but one study where collagen was used instead 23°.

Within these 9 studies, there were four in vivo studies, 1 ex vivo, 1 in vitro and 3 mixed
studies with both in vitro and in vivo components. Of the four studies which included

in vitro assessments, live/dead staining was uniformly employed 232 273 274

, except in
one study where only live staining was performed 2*. Oskarsdotter et al also assessed
morphology (nuclei and actin filament on confocal microscopy) 273, whilst Xeroudaki

233 Lastly, Boix-

et al assessed endothelial cell gene expression by HUVECs
Lemonche et a/ examined cell viability with alternative methodology using PrestoBlue
in an ex vivo cultured porcine corneal model 2. This quantifies the amount of

resazurin converted to fluorescent resorufin by live cells.
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3.3.2.3.2 HFF-1 cell line (human dermal fibroblast)

Unfortunately, in the case of nanocellulose, it had not been feasible to study the impact
of nanocellulose on dermal fibroblast alone. As described in section 3.3.2.1, pilot
models were trialled without success when wusing physiologically relevant
concentrations of nanocellulose. The incorporation of Transwell inserts translated to
indirect material-cell contact, which did not mimic the in vivo scenario. Whilst
alternative measure of cytotoxicity and pro-inflammatory response could be explored,
the models both in theory and supported by pilot data suggested that the critical
limiting factor was incompatible culture condition. As dermal fibroblast was used to
understand potential material-host interaction and was not the core cell type (i.e.
chondrocytes for cartilage tissue engineering), whilst undesirable, the lack of the
dermal fibroblast mono-culture and co-culture did not hinder achieving the chapter

aims.
3.3.2.3.3 C20A4 cell line (human chondrocyte)

Regarding the effect of nanocellulose on chondrocytes, it was interesting to note the
varying pro-inflammatory effects of the three variably functionalised tunicate-derived
nanocellulose, despite comparable cytotoxic effects as measured by the LDH assay.
Whilst full material characterisation data is not available, there are notable differences
between the three nanocellulose forms (table 3.1). Of note, the aspect ratio differed by
around 50-60 between each form, with ETC being the lowest and CTC the largest. The
zeta potential of ETC was also markedly lower than that of TTC. This may potentially
explain the higher OD observed with ETC when incubated with sterile PBS. The
relative lower zeta potential of ETC could contribute towards greater degree of
material agglomeration due to material instability. Whilst understanding structure-
activity relationship is outwith the remit of this project, the data from this chapter
permitted an evidence-based selection of the optimal nanocellulose form to take
forward for the final bio-ink formulation. As outlined above, to date, there is a paucity
of studies directly comparing the three forms of tunicate-derived nanocellulose. This
study contributes towards a knowledge gap in the literature by investigating the three
nanocellulose forms in terms of cytotoxicity and pro-inflammatory effects against a

human chondrocyte cell line, which has not been previously reported.
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3.3.2.3.4 Barriers to achieving a physiologically relevant in vitro model

In order to mimic the in vivo scenario of an implanted cell-laden cartilage tissue
engineered construct, the composite bio-ink will not only be cross-linked, but interacts
with chondrocytes and fibroblasts in differing manners. Whilst both cell types will be
in direct contact with the material, the chondrocytes will be dispersed within the
nanocellulose to mimic the cell-laden bio-ink, whilst the fibroblasts will be exposed to
one surface of the nanocellulose to mimic the implant-host contact interface. This
presented inherent challenges, and indeed barriers, to studying the effect of a single
component of a composite bio-ink whilst respecting various parameters to achieve a
realistic exposure scenario. This was particularly the case with HFF-1, whereby
various models were trialled without success. However, it is helpful to characterise and
understand the biological effects of nanocellulose singularly, against each cell type,
prior to observing their effects when combined with alginate and/or HA, and in a co-

culture system, in adherence to the pre-cautionary principle in toxicology.
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3.4 Chapter Summary and Conclusion

The overarching approach of chapters 3, 4 and 5 involves understanding the impact of
each bio-ink component independently and prior to cross-linkage, on both
chondrocytes, dermal fibroblasts and co-culture setting. This would permit selection
of the optimal material forms to refine the bio-ink and cross-linkage processes before
the assessment of the cross-linked cell-laden bio-ink in the form of an advanced in

vitro 3D model.

This chapter addressed the core bio-ink ingredient, Nanocellulose, exploring both
pulp- and tunicate-derived forms. The aims were two-fold, focusing on: i) biological
impact of nanocellulose, and ii) selection of an optimal form for final bio-ink
formulation. Microbial growth assay tested material sterility and excluded pulp-
derived nanocellulose from further testing due to non-sterility. Biological effects were
assessed via the LDH assay and IL-6 and IL-8 release via ELISA for cytotoxicity and
pro-inflammatory response, respectively. Testing against chondrocytes revealed
comparable cytotoxic effects, whilst the three variably functionalised tunicate-derived
nanocellulose produced distinct pro-inflammatory effects, with ETC deemed the least
pro-inflammatory. A summary of conclusions and recommendations from this chapter

to be taken forward for the project is provided in table 3.2.

Table 3.2 Summary of chapter conclusions and take-on messages.

Conclusions
Sterility ¢ Only tunicate-derived nanocellulose met sterility threshold.
Cytotoxicity o No superiority between ETC, TTC and CTC.

Pro-inflammatory ¢ TTC > CTC > ETC in pro-inflammatory effects on chondrocytes.

effects

Recommendations

e ETC taken forward as the biologically most suitable nanocellulose form for final bio-ink

formulation.
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Chapter 4: Alginate —  additive  bio-ink  material:
Establishing sterility, its biological effects on HFF-1 and

C20A4 cell lines and cross-linkage behaviour
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4.1 Introduction

Tissue engineering via 3D bioprinting necessitate a biocompatible cell carrier, which
can dually function as an ‘ink’, with flow properties that permits extrusion through the
printer nozzle, and can be transformed post-print into a solid, stable construct for

clinical implantation.

Hydrogels are networks of cross-linked polymer chains that can absorb large volumes
of water, but are insoluble in aqueous condition 27% 277, Their high-water content and
porous architecture mimic the extracellular matrix of human soft tissue, leading to its
broad biomedical application, including as contact lens in the 1960s, and more
recently, tissue engineering scaffolds. Although nanocellulose lends favourable
mechanical and rheological (flow) properties as a bio-ink component, it requires an

additive material to provide cross-linking ability for hydrogel formation.

Alginate is currently the most commonly cited natural bio-material for extrusion-based
bio-printing, applied either alone or combined as hybrid bio-inks °°. When paired with
nanocellulose, the hybrid bio-ink brings together benefits of each material, with the
inclusion of alginate crucially permitting cross-linking, also known as gelation. The
external gelation method, a widely adopted cross-linking strategy, involves adding
divalent cations (such as Ca*" in soluble salt solution form - calcium chloride (CaCly))
to the anionic alginate. As calcium ions permeates through the alginate from outside

in, non-covalent, ionic cross-linking occurs alongside hydrogel formation 27827,

The significance of cross-linking lies in both its requirement as a stabilisation process
in polymer chemistry to achieve a solid implantable construct, and biologically, as a

potential source of toxicity in tissue engineered products.

This chapter focuses on alginate, an additive material of the hybrid bio-ink under
investigation. It is part of a series of three chapters (chapter 3, 4 and 5) which
investigates the biological effects of each individual bio-ink components separately.
Additional studies required for the creation of the SOP for the advanced 3D in vitro
model (appendix 1), relevant to the bio-ink ETC:Alginate, are also included. Broadly,
this is comprised of examination of the gelation process and the biological impact of

the cross-linker agent, CaCl,.
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The aims of this chapter were:

)

i)

To establish the cytotoxic and pro-inflammatory effects of alginate on
HFF-1 and C20A4 cell lines.
To define the optimal cross-linking process of the ETC:alginate bio-ink

using CaCl,, with respect to developing a 3D in vitro model.

The above aims were met via the objectives below:

1.
2.
3.

To establish standardised material preparatory procedure for alginate.

To investigate the sterility of alginate over 21 days.

To assess the cytotoxicity and pro-inflammatory response of HFF-1 and
C20A4 when exposed to alginate.

To assess the cytotoxicity and pro-inflammatory response of HFF-1 and
C20A4 when exposed to CaClo.

To define the minimum gelation time required, relating to aim (ii).

To define the gelation point of ETC:alginate bio-ink when cross-linked
with CaCl.

To select the optimal CaCl> concentration and duration of application,

relating to aim (ii).
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4.2 Methods

All methods used in this chapter were previously described in Chapter 2 (Materials

and Methods), with sections referenced detailed below. Figure 4.1 outlines the

workflow of this chapter.
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Figure 4.1 Schematic of chapter 4 workflow. There are six components to the workflow of chapter 4. This begins
with material preparation and sterilisation. Alginate was sterilised by UV irradiation for 1 hour, following which
it was reconstituted in either media or double-distilled water (ddH,>0). Following dissolution and mixing, it was
stored overnight at 4°C. The next step was sterility testing, which involved incubating 100ul alginate in 10ml of
lysogeny broth (LB), yeast extract-peptone-dextrose (YPD) or sterile PBS, at 37°C under constant agitation.
Optical density was measured at 600nm. This was then followed by material and cross-linker toxicity testing. Both
involved HFF-1 and C20A44 cell lines in 2D culture exposed to alginate (material) or calcium chloride (CaCl,,
cross-linker). Cytotoxicity (erythrosin B assay), pro-inflammatory effects (IL-6 and IL-8 release) and morphology
were assessed. The next step was pellet creation, which briefly involved the addition of silicone to 24 well plate
and following curing overnight, an Smm punch cutter was applied centrally to create a donut-shaped silicone mold.
This was sterilised by autoclaving. The chapter completes with the study of cross-linkage time. This was dually
assessed with bench cross-linking study to identify the minimum time required for 5 consecutive successful cross-
link, and with rheological testing. Created with BioRender.com.

4.2.1 Sterilisation and material preparation for alginate

The alginate form and concentration used in this study (sections 2.3.1 and 2.3.2.2),
sterilisation methods and material preparation protocol (section 2.3.3.2), alongside

rationale for their selection, were previously described in Chapter 2.

All alginate used in this study were reconstituted in cell culture media, except when
otherwise specified. Sterile ddH>O was used as the alternative solvent. This was
applied for sterility testing, pilot testing of gelation studies with pulp-derived
nanocellulose, and during gelation studies using ETC-based bio-ink for comparison

testing between media and ddH,O.
4.2.2 Material sterility testing

Microbial growth assay was conducted with LB, YPD and sterile PBS over 21 days to
examine material sterility, as described in greater detail in section 2.6. In the same
manner as sterility testing of nanocellulose, the study period was extended to 21 days.
However, in contrast to ETC, where stock preparation from supplier was tested,
alginate in powder form was first reconstituted in sterile ddH>O prior to sterility
testing. Sterile ddH>O was used instead of culture media to minimise potential sources
of contamination. Bacterial isolation was not conducted as all samples remained within

the threshold for sterility (optical density <0.1).

4.2.3 Toxicity testing of material (alginate) and cross-linker (CaCl,) on HFF-1 and
C20A4 cell lines

Both alginate and CaCl, were independently tested against HFF-1 and C20A4 cell

lines to elucidate their effects on cytotoxicity and pro-inflammatory response. The
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parameters of both material and cross-linker toxicity testing are depicted in figure 4.1,

and expanded upon in sections below.

Alginate used during in vitro cell culture was reconstituted in culture media 2?4, as
opposed to sterile ddH,O 223, to avoid the risk of cytolysis. Cells in hypotonic solution,
such as ddH»0, experience a net movement of free water into the cell via osmosis. This
leads to increased intracellular volume and eventual cell lysis. The use of culture media
over sterile ddH>O as solvent for alginate aimed to minimise the potential confounding

variable when cytotoxicity is observed.

Timepoints for alginate were designed to be consistent across all material toxicity
testing. This includes the acute timeframe of day 1, 2, 3, 5 and 7, and chronic time

periods of day 14 and 21.

Timepoints for CaCl differed to reflect realistic exposure and worst-case scenarios.
Shorter time course of Smin, 15min and 30min provides information of anticipated
cross-linking duration. For the 3D in vitro model, the crosslinking agent is removed
and the crosslinked pellet is washed with PBS prior to being submerged in media for
culture. Whilst this process removes the majority of cross-linking agent, it is
anticipated that a small amount will remain, having permeated through the hydrogel
pellet. Timepoints at 1 hour, 4 hours, day 1 and 2 provide an intermediate view of the
prolonged effect of CaClz on both cell types, whilst timepoints at day 5 and 7 represent

the worst case scenario.

Three CaCl, concentrations (0.1M, 0.5M and 1.0M) were tested based on published

Work223, 224.

4.2.3.1 Cell culture
Cell culture methodologies for HFF-1 and C20A4 were as described in section 2.7.
4.2.3.2 Erythrosin B exclusion assay

Cytotoxicity of all 2D cultures conducted in chapter 5 was assessed using the

erythrosin B exclusion assay, as detailed in section 2.8.2.
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4.2.3.3 ELISA

The release of IL-6 and IL-8 by both cell types were measured via ELISA to assess the
pro-inflammatory response induced by exposure to alginate and CaCl.. Methodologies
for ELISA are described in section 2.8.3, whilst the calculation for chemokine release

per cell was calculated in section 2.13.
4.2.3.4 Light microscopy

Cell morphology was examined using light microscopy as detailed in section 2.8.4.

4.2.4 Gelation of Nanocellulose: Alginate bio-inks

Gelation was primarily tested against bio-ink made of tunicate-derived nanocellulose
ETC and alginate, now termed ‘ETC:Alginate’. Initial pilot testing was conducted with
pulp-derived nanocellulose, prior to knowledge of their non-sterility. All bio-inks
tested consisted of the same nanocellulose and alginate concentrations, as detailed in
table 2.5. Bio-inks tested were specified to denote which nanocellulose forms were

used in subsequent results sections.

Bio-inks creation followed a series of protocols described in section 2.3, which
encompasses material preparation and sterilisation steps, concentrations used for both
nanocellulose and alginate, and procedures for material mixing and bio-ink

preparation.
4.2.4.1 Determination of minimum gelation time in silicon molds

To simulate 3D bio-printed constructs and to produce standardised pellets for the 3D
in vitro models for future biocompatibility testing, 100ul bio-ink were cross-linked

into 8mm wide disc-shaped pellets using silicon molds as described in section 2.10.2.

The purpose of the bench-top gelation study was to determine the minimum time
required to achieve solidified bio-ink pellets suitable for use in an in vitro model.
Relevant methodologies are described in section 2.11. Variables tested are summarised
in table 4.1. Key distinctions between initial pilot and subsequent testing, and the

rationale behind the adjustments, were:
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i.  Transition from pulp-derived to tunicate-derived nanocellulose, based on non-
sterility of pulp-derived nanocellulose (detailed in section 3.3.1).
ii.  Comparison of both solvents for alginate, as it was hypothesised that media
would be more biocompatible than sterile ddH>O.
iii.  Transition to single cross-linker concentration; 0.1M was chosen due to its
lesser cytotoxic effects (section 4.3.3) and permissive cross-linking ability as

determined during pilot testing.

Table 4.1 Overview of bio-inks, solvents used for alginate and cross-linker concentrations tested in pilot and
formal study of minimum gelation time in silicon molds. *All bio-inks used in the pilot phase were pulp-derived
nanocellulose (NCB, CNC, CNF), whilst tunicate-derived nanocellulose were used subsequently (ETC, TTC, CTC).

Pilot Study
Bio-inks* Solvent for CaCl: Bio-inks* Solvent for CaCl;
Alginate concentration Alginate concentration
NCB:Alginate ddH20 0.IM ETC:Alginate ddH20 0.IM
CNC:Alginate 0.5M TTC:Alginate Media
CNF:Alginate 1.0M CTC:Alginate

4.2.4.2 Rheological study of gelation

Rheological study was initially employed as an attempt to define the gel point and to
describe quantitatively and temporally the material behavioural change of the bio-inks

when exposed to cross-linker CaCl..

Methodology for the oscillatory time sweep experiment was detailed in sections
2.12.2,2.12.3 and 2.12.4. All rheological tests were conducted with 0.1M CaCl. Initial
pilot testing was performed with pulp-derived NCB:Alginate bio-ink, whilst
subsequent testing used tunicate-derived nanocellulose ETC. Two bio-inks were tested
to compare the material performance between alginate reconstituted in media versus
sterile ddH»O, and are named ‘ETC:Alginate (media)’ and ‘ETC:Alginate (ddH-O)’,

respectively.

135



4.3 Results and Discussion
4.3.1 Material sterility testing

Both UV-treated and untreated alginate were considered sterile up to day 21,
demonstrating an optical density of <0.1 in both culture media of LB and YPD (figure
4.2 A+B). As alginate remained far below the accepted threshold for sterility, whilst
there was no concern regarding the effect of agglomeration impacting heightened
optical density, all material were subjected to the same sterility testing methodology.
In this case, alginate maintained OD of <0.1 in sterile PDS throughout the study period
(figure 4.2C). These results implied that UV-sterilised alginate was suitable for use in

the advanced in vitro model up to 21 days.
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Figure 4.2 Sterility testing of alginate. Assessment of sterility and material effects of alginate on optical density in
A) lysogeny broth (LB), B) yeast extract-peptone-dextrose (YPD) and C) sterile PBS. UV-sterilised and non-
sterilised alginate in LB, YPD or sterile PBS were incubated at 37°C under constant agitation over 21 days. Media
or PBS without alginate served as negative control. Optical density measured at 600nm. Accepted arbitrary
threshold for sterility at <0.1 denoted by horizontal dotted line. Mean#SEM is shown. N=3.
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4.3.2 Material toxicity testing
4.3.2.1 HFF-1 cell line (human dermal fibroblast)
4.3.2.1.1 Cytotoxicity

No adverse impact on cell viability was observed when alginate was exposed to HFF-
1. Total and live cell concentrations of HFF-1 exposed to alginate followed similar
trends to the negative control (figure 4.3A/B). There was no statistically significant
difference between cells exposed to alginate versus negative control across all three

measures (total and live cell concentrations, and cell viability).

A rise in total and live cell concentrations was seen between day 1 and 14, followed
by a decline on day 21. The decline in cell concentration on day 21 likely reflected the
impact of over-confluence, although cell viability was maintained throughout the study
period. Timepoint comparison for HFF-1 exposed to alginate also demonstrated no
statistically significant change of total and live cell concentrations or cell viability

between all timepoints.

The application of Triton X-100 as positive control induced statistically significant
cytotoxic effects at all timepoints for total cell concentration (p<0.01), live cell
concentration (p<0.001) and cell viability (p<0.0001) (not shown in figure 4.3 A-C).
Thus, confirming the vulnerability of HFF-1 to cytotoxic compounds, and measurable

cytotoxic effects via the erythrosin B exclusion assay.

These results indicated that UV-treated alginate did not elicit cytotoxic effect on HFF-
1 and therefore was suitable as a bio-ink component and for use in the 3D in vitro

model for up to 21 days.
4.3.2.1.2 Pro-inflammatory response

Both HFF-1 exposed to alginate and negative control displayed relatively low levels
of IL-6 and IL-8 release, up to day 7 (figure 4.4). This was followed by a rise in both
chemokines on day 14 and 21, which was statistically significant on day 21. This is
suggestive of cell activation and heightened pro-inflammatory response at latter

timepoints.
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Figure 4.3 Cytotoxicity of HFF-1 2D monoculture exposed to alginate over 21 days. Total (4) and live (B) cell
concentrations and cell viability (C) assessed with erythrosin B assay. Positive control was 0.1% Triton X-100.
Mean#SEM is presented. N=3.

Whilst HFF-1 exposed to alginate displayed lower levels of IL-6 and IL-8 release when
compared to negative control, there were no statistical difference at all timepoints. This
implies that HFF-1 when exposed to alginate in studied conditions did not produce an
exacerbated pro-inflammatory response, nor did exposure to alginate offered a

protective effect.

Regarding assay validity, there was no demonstratable interference of the assay from
the material with non-detectable to very low level of IL-6 and IL-8 measured with the

material only negative control.
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Figure 4.4 Pro-inflammatory effect of alginate on HFF-1 2D monoculture over 21 days. IL-6 (A) and IL-8 (B)
release were measured with ELISA. Negative control consisted of HFF-1 2D monoculture without material
exposure. Positive control was LPS. Material interference on assay was investigated with material treated to the
same experimental conditions, termed ‘negative control — alginate only’. Mean#SEM is presented. N=3. Statistical
significance on timepoint comparisons D1 v D2-21 of each culture conditions are denoted by: p<0.05 * p<0.01
#4 p<0.001 #++and p<0.0001 »xxx*

Due to the greater total and live cell numbers of HFF-1 in negative controls compared
to cells exposed to alginate, the relative high levels of chemokine release witnessed in
negative controls could be attributed to greater cell number. As such, IL-6 and IL-8
released per cell were calculated to permit a more comparable assessment. Results
were similar to prior comparisons. Time course comparison for all cell culture
conditions showed a rise in chemokine release on day 14 and 21, which reached
statistical significance on day 21 for both IL-6 and IL-8 (figure 4.5). IL-6 and IL-8
release per cell were comparable between HFF-1 exposed to alginate versus negative
control at all timepoints. Statistically significant increases in IL-8 release per cell was
seen with positive control (LPS) when compared to negative control at all timepoints
(p<0.05), although not shown in figure 4.5B. Overall, the results indicates that
exposure of alginate to HFF-1 in 2D culture did not elicit a pro-inflammatory response

up to 21 days, and remain suitable for bio-ink creation purposes.
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Figure 4.5 Pro-inflammatory effect per cell of alginate on HFF-1 2D monoculture over 21 days. IL-6 (4) and
IL-8 (B) release were measured with ELISA, and chemokine released per cell were calculated relative to total cell
number at each timepoint. Negative control consisted of HFF-1 2D monoculture without material exposure.
Positive control was LPS (lug/ml). Mean£SEM is presented. N=3. Statistical significance on timepoint
comparisons DI v D2-21 of each culture condition are denoted by: p<0.05 # p<0.01 *x p<0.001 #**+* and
p<0.0001 #xxx

4.3.2.1.3 Cell morphology

Light microscopy images reflected findings from the erythrosin B exclusion assay
(section 4.3.2.1.1). Cells showed increasing cell density from day 1 to 14 in the
negative control, mirroring the rise in total cell concentration. A similar trend was
observed with HFF-1 exposed to alginate, but at a lesser magnitude. Alginate in media
appeared to have led to a cloudy appearance in light microscopy, although cell
morphology remains distinguishable. This was not significantly altered compared
negative control, except for the slower speed in reaching confluence. Positive control
with 0.1% Triton X-100 was effective in causing near total cytotoxicity. As such, the

image from day 1 was considered representative for all timepoints up to day 21.
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Figure 4.6 Light microscopy of alginate exposure on HFF-1 2D monoculture over 21 days. Negative control
represent cell-only culture. Positive control was 0.1% Triton X-100. Three biological replicates with 3 field of view
per sample. Representative images shown. Only day 1 was displayed for positive control as significant cytotoxicity
reached at first timepoint, with no significant morphological changes over time. Scale bars represent 200pm.
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4.3.2.2 C20A4 cell line (human chondrocyte)

This section focuses on the second cell type, human chondrocyte, exploring the
cytotoxicity, pro-inflammatory effects of alginate and its impact on cell morphology

on C20A4 in 2D culture.
4.3.2.2.1 Cytotoxicity

Total and live cell concentration, and cell viability of C20A4 exposed to alginate were
not significantly different to negative control at all timepoints tested. In contrast,
positive control (Triton X-100) was able to induce statistically significant reductions
in total and live cell concentration, and cell viability of C20A4 at all timepoints when
compared with negative control (p<0.0001; not shown in figure 4.7). Overall, this

suggests preserved cell viability when C20A4 was exposed to Alginate.

On review of each culture condition over time, the total and live cell concentration for
C20A4 exposed to alginate and negative controls remained comparable throughout the
study period. There was a small decline in live cell concentration on day 21, although
this was not statistically significant. Cell viability over this period, however, did show
a statistically significant drop on day 21 for both C20A4 exposed to alginate and
negative control (p<0.001). This suggests limitation of model with cell culture
conditions impacting cell viability on day 21, which is consistent with the findings

from cell line characterisation (detailed in section 2.8.5.2.1).
4.3.2.2.2 Pro-inflammatory response

Exposure to alginate did not elicit a heightened pro-inflammatory response in the
forms of raised IL-6 and IL-8 release by C20A4 when compared to negative control
over the 21 day period. In contrast, significant increase in chemokine release was seen
with the positive control (LPS) when compared to negative control throughout the
study period (p<0.0001 for IL-6 at all timepoints; p<0.05 for IL-8 at all timepoints;
not shown in figure 4.8). This suggests that exposure to alginate did not stimulate a

heightened pro-inflammatory response by C20A4.

Material interference on the assay was negligible, with non-detectable to very low

level of chemokines measured across all timepoints.
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Figure 4.7 Cytotoxicity of 2D monoculture of C20A4 exposed to alginate over 21 days. Total (4) and live (B) cell
concentration and cell viability (C) assessed with erythrosin B assay. Positive control was 0.1% Triton. Mean£SEM
is presented. N=3. Statistical significance on timepoint comparisons D1 v D2-21 of each cell conditions are denoted
by: p<0.05 * p<0.01 *# p<0.001 #+*and p<0.0001 »=+*

There is an overall rising trend of chemokine release by C20A4 when exposed to
alginate and in negative controls, reaching statistical significance on day 21 (figure
4.8). Similar to HFF-1, IL-6 and IL-8 release were less with C20A4 exposed to alginate
when compared to negative control. The discrepancies of IL-6 and IL-8 release
between cells exposed to alginate and negative control were most marked on latter
timepoints. However, total and live cell concentration were fairly comparable between
cells exposed to alginate and negative control. This suggests that the rise in
chemokines was not a result of increased cell numbers. Hence, chemokine release per
cell was calculated next in the same manner as with HFF-1, to provide an alternative

perspective of chemokine release in the system tested.
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Figure 4.8 Pro-inflammatory effect of alginate on C20A44 2D monoculture over 21 days. IL-6 (4) and IL-8 (B)
release were measured with ELISA. Negative control consisted of C2044 2D monoculture without material
exposure. Positive control was LPS. Material interference on assay was investigated with material treated to the
same experimental conditions, termed ‘negative control — alginate only’. Mean#SEM is presented. N=3. Statistical
significance on timepoint comparisons D1 v D2-21 of each culture conditions are denoted by: p<0.05 * p<0.01
#4 p<0.001 ##+and p<0.0001 »xxx*

Similar trends were revealed when considering chemokines released per cell. IL-6 and
IL-8 levels were consistently lower with C20A4 exposed to Alginate when compared
to negative control. Whilst these differences were greater on day 14 and 21, they were
not statistically significant (figure 4.9). Positive control using LPS, however, was able
to stimulate a pro-inflammatory response with heightened IL-6 and IL-8 release per
cell when compared to negative control at all timepoints. This was statistically
significant only with IL-6 (p<0.05; not shown in figure 4.9). Finally, considering
change over time, when adjusted for cell numbers, rise in chemokine release per cell
was seen in both C20A4 exposed to alginate and negative control. The greatest rise

was on day 21 for both IL-6 and IL-8, which was statistically significant with IL-8.
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Figure 4.9 Pro-inflammatory effect per cell of alginate on C2044 2D monoculture over 21 days. IL-6 (4) and
IL-8 (B) release were measured with ELISA, and chemokine released per cell were calculated relative to total cell
number at each timepoint. Negative control consisted of C2044 2D monoculture without material exposure.
Positive control was LPS. Mean£SEM is presented. N=3. Statistical significance on timepoint comparisons DI v
D2-21 of each cell conditions are denoted by: p<0.05 # p<0.01 *# p<0.001 #***and p<0.0001 »*#x

4.3.2.2.3 Cell morphology

The cell morphology of C20A4 when exposed to alginate at concentrations relevant to
in vivo 3D bioprinting exposure scenarios (chondrocyte-embedded bio-inks) showed
minimal change (figure 4.10). As demonstrated in the cell line characterisation, the
seeding density of C20A4 achieved confluence on day 1, as was the case here both in
the negative control and with alginate exposure. Arguably, due to cell over-confluency
and the densely packed chondrocytes, it may be relatively more difficult to visualise
subtle cell morphology alterations, especially when the chondrocytes have round or
ellipsoidal shapes, unlike the fibroblast with a spindle-like morphology where

morphological disturbance was more readily apparent.

A further observation is the ability to maintain 2D culture without auto-cell sheet
detachment. The latter was observed during cell line characterisation with optimal
media change regime. The adjusted media change to account for alginate dosing was
associated with reduction in nutrients availability and in removal of cellular waste
product, which were presumed to impact cell proliferation profile. The reduced total
cell number overall in turn meant that the threshold where cell over-confluency leading

to cell sheet detachment did not occur during the 21 day study period.
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Negative control Alginate Positive control

Figure 4.10 Light microscopy of the effect of alginate against C2044 in 2D monoculture over 21 days.
Scale bars represent 200pm.
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4.3.2.3 Section summary - material toxicity testing

Alginate demonstrated no significant adverse cytotoxic or pro-inflammatory effects
against both cell types in 2D culture. The results indicate that UV-treated alginate was
suitable for use as a bio-ink component and as part of a 3D in vitro model for

biocompatibility testing over a 21 day period.

4.3.3 Cross-linker toxicity testing
4.3.3.1 HFF-1 cell line (human dermal fibroblast)
4.3.3.1.1 Cytotoxicity

Direct comparison of total and live cell concentration and cell viability between 0.1M,
0.5M and 1.0M CaCl, concentrations showed no statistically significant difference

across all timepoints.

However, total cell concentrations of HFF-1 were reduced when exposed to CaCl; at
all time points compared to negative control. A more marked reduction was seen on
day 5 and 7, which were statistically significant (figure 4.11A). Timepoint comparison
showed a statistically significant rise in total cell concentration in negative control on
day 5 (p<0.0001). This reflects increased cell proliferation, in line with previous cell
line characterisation. In contrast, timepoint comparison for all CaCl> concentrations
and positive control showed no statistically significant difference over time, which

may indicate an inhibitory effect of CaCl> on HFF-1 cell proliferation.

Live cell concentrations of C20A4 exposed to CaCl; at all three concentrations and
Triton X-100 as positive control showed statistically significant reduction at all
timepoints (p<0.0001; figure 4.11B). This suggests that CaCl,, even at the lowest
concentration and at the shortest cross-linker application duration, has a significant
cytotoxic effect on HFF-1. Although not statistically significant, a general downward
trend of live cell concentration was seen with prolonged CaCl, exposure, suggestive
of heightened cytotoxic effects with increasing duration of cross-linker application.
This is mirrored in trends in cell viability. When compared to negative control, cell

viability was reduced with application of CaCl,. The higher the CaCl, concentration,
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the shorter the amount of time required to reach statistically significant reduced cell

viability (figure 4.11C).

Taken together, this data showed that CaCl, has a cytotoxic effect on HFF-1 in 2D
culture. This adverse effect was greater with increasing concentration of CaCl,. As
such, this data supports the selection of the lowest CaCl, concentration 0.1M for future
work. It could also be recommended that limiting cross-linker application duration will

have lesser adverse impact on cytotoxicity.
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Figure 4.11 Cytotoxicity of HFF-1 exposed to cross-linker calcium chloride. The effect of 0.IM, 0.5M and 1.0M
calcium chloride (CaCly) were tested against 2D HFF-1 monocultures up to 7 days using erythrosin B assay. Total cell
concentration (4), live cell concentration (B) and cell viability (C) were assessed. Positive control was 0.1% Triton X
(not shown). Mean#SEM is presented. N=3. Comparison between negative control and CaCl, or positive control
denoted by *and timepoint comparison of Smin v 15min to day 7 for each culture condition by # Statistical significance
is presented as: p<0.05 ## p<0.01 #%/## p<0.001 #*#/7##and p<0.0001 #=#%/7#77.
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It is recognised that the worst-case scenario exposures exceed realistic dosage as the
cross-linked constructs would undergo removal of crosslinker and wash steps prior to
culture in vitro. L.e. cells were not directly exposed to CaCl, for the duration of the
timepoints studied. Nonetheless, based on the external gelation method, a small
amount of CaCl, which permeated the pellet would persist, and it was worthwhile to

consider the effect of CaCl on cells beyond the crosslinker application timeframe.
4.3.3.1.2 Pro-inflammatory response

Upon initial application of CaCl,, HFF-1 mounted a greater pro-inflammatory
response with 0.5M and 1.0M CaCl as compared to 0.1M, with higher levels of IL-6
and IL-8 release. This was seen between 5 minutes to 4 hours although there was no
statistical significance (figure 4.12A/C/E). This suggests that 0.1M yielded the least

pro-inflammatory response against HFF-1 up to 4 hours.

However, beyond day 1, IL-6 and IL-8 release with 0.1M exceeded that with 0.5M and
1.0M, which was statistically significantly on day 5 and 7. This may be due to the
cytotoxic effects of more concentrated CaCla, resulting in reduced number of live cells
able to release chemokines. When compared to negative control, level of IL-6 released
by HFF-1 exposed to 0.1M CaCl, were lower on day 5 and day 7, but this could be
better interpretated when adjusted for cell numbers. On reviewing timepoint
comparisons, IL-6 release in negative control showed a rising trend up to day 7, which
reached statistical significance on day 5 and day 7 (p<<0.0001). HFF-1 exposed to 0.1M
CaCl, and positive control with LPS followed a similar trend, with statistical

significance reached also on day 2.

IL-8 release by HFF-1 followed a similar pattern to IL-6 when exposed to CaCl; in
that 0.5M and 1.0M elicited a greater release of IL-8 up to 4 hours, when compared to
0.1M. Following which, HFF-1 exposed to 0.1M CaCl, mounted a greater rise in IL-8
compared to negative control. This was statistically significant on day 5 and 7, both
when compared to negative control, and for timepoint comparison to Smin (figure

4.12B).

Although statistical analysis yielded significant differences between 0.1M to 0.5M and
1.0M CaCl; on day 5 and 7, interpretation of pro-inflammatory effects must be
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considered alongside the cytotoxic effects of higher CaCl, concentrations. Therefore,

chemokine release per cell is now presented.
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Figure 4.12 Pro-inflammatory effect of cross-linker calcium chloride (CaCly) on HFF-1 2D monoculture. HFF-
1 was exposed to CaCl; of 0.IM (A,B), 0.5M (C,D) or 1.0M (E,F) between 5 minutes and 7 days. IL-6 (4,C,E) and
IL-8 (B,D,F) release were measured with ELISA. Positive control was LPS (1 ug/ml). Mean=SEM is presented. N=3.
Comparisons are denoted as follows: between negative control and CaCl; or positive control at each timepoint (%),
timepoint comparison with Smin v 15min — day 7 for each culture condition (#) and comparison between CaCl»
concentrations at each timepoint ($). Statistical significance denoted as: p<0.05 #/#$, p<0.01 *¥##8$$, p<0.001
wat/ A 388 and p<0.0001 /7444338 8.
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When directly comparing IL-6 and IL-8 released per cell between HFF-1 exposed to
0.1M, 0.5M and 1.0M CaCl,, there were no statistical differences (figure 4.13).

When compared against negative control, HFF-1 exposed to CaCl, at any
concentration, did not elicit a statistically significant change in IL-6 or IL-8 release per
cell at all timepoints tested. However, there is a dose-dependent rise in IL-6 and IL-8
release per cell with higher CaCl, concentration up to 1 hour, although this was not
statistically significant. For 0.5M and 1.0M CaCl,, levels of both chemokines dropped
from 4 hours onwards, despite adjusting for cell numbers. This remains likely a result
of cytotoxic effects of CaCl, during prolonged applications. Considering 0.1M CaCl,,
IL-6 and IL-8 release per cell began to rise from day 1 onwards, exceeding that of

negative control.

Although there was no statistically significant rise between IL-6 and IL-8 per cell for
0.1M CaCl, when compared to negative control at all timepoints, the rise in IL-6 over
time was significant on day 5 and 7. With timepoint comparisons, a statistically
significant rise of IL-6 release per cell was noted in all culture conditions on day 5 and
7, including with negative and positive controls. Comparisons between negative
control and positive controls at each timepoints, and timepoint comparisons of each

culture conditions showed no statistical significance for IL-8 release per cell.
4.3.3.1.3 Cell morphology

The impact of the cross-linker CaCl, on the cell morphology of HFF-1 was examined
with light microscopy and is illustrated in figure 4.14. Overall, it mirrors the time- and
dose-dependent cytotoxicity trends observed with the erythrosin B exclusion assay.
Cell morphology was relatively preserved with the lowest CaCl, concentration (0.1M)
at the earliest timepoint at 5 minutes, which contrasts with the reduced numbers of live
cell and numerous dead cells seen with the middle (0.5M) and highest (1.0M)
concentrations. Cell morphology with 0.IM CaCl, demonstrated a gradual loss of
normal cell morphology over time, especially at timepoints <24 hours. However,
whilst data from the erythrosin B exclusion assay revealed a clearer trend of increasing
cytotoxicity with time and cross-linker concentration, the degree of altered cell
morphology and abundance of non-viable cells and cellular debris was variable over

time and across the higher concentrations. Nonetheless, the findings from the cell
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Figure 4.13 Pro-inflammatory effect per cell of 0.1M, 0.5M and 1.0M calcium chloride (CaCl;) on HFF-1 2D
monoculture over 21 days. IL-6 (A,C,E) and IL-8 (B,D,F) release were measured with ELISA, and chemokine
released per cell were calculated relative to total cell number at each timepoint. CaCl, concentrations are shown
as: 0.1IM (4,B), 0.5M (C,D) and 1.0M (E,F). Positive control was LPS. Mean#SEM is presented. N=3. Statistical
significance between negative control and CaCl; or positive control are denoted by * and timepoint comparisons

D1 v D2-21 of each cell conditions by # p<0.05 #%/# p<0.01 #*%#% p<0.001 #*»¥/7##and p<0.0001 »x+»/7%%

morphology assessment supports the use of the lowest 0.1M concentration and to limit

the time of cross-linker exposure.
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Figure 4.14 Light microscopy 0f the effects of 0.1M, 0.5M and 1.0M cross-linker calcium chloride against
HFF-1 2D monoculture over 7 days. Scale bars represent 200um.

4.3.3.1.4 Section summary - cross-linker toxicity testing on HFF-1

Overall, the data indicated that there was a time- and dose-dependent cytotoxic and
pro-inflammatory effect of CaCl, on HFF-1. Based on these results, the lower CaCly
concentration of 0.1M was chosen for further testing against C20A4, as well as for
rheological testing. Limiting contact time between the cross-linker and cells was also

recommended, and will be taken into consideration to define the final cross-linking
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time used in the SOP for in vitro model creation (Appendix 1), alongside results from

the gelation studies.

4.3.3.2 C20A4 cell line (human chondrocyte)
4.3.3.2.1 Cytotoxicity

All measures were adversely impacted for C20A4 upon exposure to the cross-linker
CaCl; at 0.1M concentration. Whilst statistically significant reductions were seen from
day 1 onwards, notable reduction in total cell concentration, live cell concentration and
cell viability were present from 30 minutes of cross-linker application (figure 4.15).
Assessment of change over time showed that whilst there was a slight recovery in each
measure at one hour, this was not preserved at the next timepoint. This is likely to
indicate variability in cell behaviour. Nonetheless, an overall trend of cytotoxic effects
taking hold was observed from 30 minutes onwards, with heightened effects by 4 hours

and significant reduction in cell viability to less than 70% beyond this timepoint.

The time-dependent cytotoxic effect of the cross-linker on C20A4 mirrors that of HFF-
1. Considering the cytotoxic effects upon both cell types, it was determined that cross-
linker application duration should be kept to a minimum to preserve cell survival and
function. Although acceptable level of viability was achieved at up to 4 hours, and this
should be balanced against the material requirement for gelation. The data also support
the use of wash steps following cross-linkage to remove exogenous CaCl,. However,
a residual amount of the CaCl, will be present, having permeated through the cross-

linked construct, and will continue to exert some effect on cells.
4.3.3.2.2 Pro-inflammatory response

Relatively low level of both IL-6 and IL-8 were detected at all timepoints up to 4 hours.
Direct comparison between cells exposed to cross-linker and negative control showed
comparable levels of both chemokines released (figure 4.16). This suggests that at
timepoints relevant to direct contact between cells and cross-linker (i.e. during CaCl,
application for cross-linkage), no significant pro-inflammatory effects against C20A4

was observed.
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Figure 4.15 Cytotoxicity of C2044 exposed to cross-linker 0.1M calcium chloride. The effect of 0.IM calcium
chloride (CaCly) were tested against 2D C2044 monocultures up to 7 days using erythrosin B assay. Total cell
concentration (4), live cell concentration (B) and cell viability (C) were assessed. Positive control was 0.1% Triton
X. Mean#SEM is presented. N=3. Comparison between negative control and CaCl; or positive control denoted by
# and timepoint comparison of Smin v 15min to day 7 for each culture condition by # Statistical significance is
presented as: p<0.05 ## p<0.01 *%#7 p<0.001 #*%/#77# and p<0.0001 =#+#/7477 Statistical significance
reached between negative and positive control for total and live cell concentrations and cell viability at all
timepoints (p<0.001/0.0001; not shown).

It was interesting to note that IL-6 and IL-8 release in negative control at latter
timepoints far exceeded that of cells exposed to CaCl.. However, live cell
concentration of cells exposed to CaCl, was significantly reduced compared to
negative control, reduced cell number may account for the reduced level of pro-
inflammatory response measured. Chemokine release per cell calculations are shown

next to permit further examination.

155



2000- i wm‘; 4000 **w**m i L
kKK
1000- i **I"‘***I** l 2000- **** fﬁ"l
#HH
E 2507 " E 3007
B =)
£ 2099 g 200
o 4
3 150+ 4
100" 100_ ‘
50- '
0 il il of ﬂl 0-lofiofi odii nge ﬂ! I
£ £ £ £ £ v & 1 ~ £ £ £ £ £ o v~
£££<ss5818¢5 EEE-Soooono
n u o n v o
- ™ - ™
Time Time
I Negative control @ cCaCl, Il Positive control

Figure 4.16 Pro-inflammatory effect of cross-linker calcium chloride (CaCly) on C20A44 2D monoculture over
7 days. C2044 was exposed to 0.1M CaCl, between 5 minutes and 7 days. IL-6 (A) and IL-8 (B) release were
measured with ELISA. Positive control was LPS. Mean#SEM is presented. N=3. Comparisons are denoted as
follows: between negative control and CaCl; or positive control at each timepoint (#) and timepoint comparison
with Smin v 15min — day 7 for each culture condition (7). Statistical significance denoted as: p<0.05 ## p<0.01
#3/72 p<0.001 »»#/77% and p<0.0001 *+xrx/7577

When adjusted for cell numbers, increased IL-6 and IL-8 release per cell was seen in
cells exposed to the cross-linker compared with negative control, opposite to the trend
seen when the total amount of chemokine measured were compared (figure 4.17). This
indicates that whilst the pro-inflammatory effects of cross-linker exposure remained
low at up to 4 hours, between day 1 and 5, cells were exhibiting a measurable pro-
inflammatory response when exposed to CaClz. On day 7 however, the levels of both
chemokine with the negative control overtaken that of cells exposed to CaCl,. Taking
into consideration marked cytotoxic effects on day 7, this likely represents cellular
dysfunction and dysregulation with a diminished capacity to mount a pro-

inflammatory response.
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Figure 4.17 Pro-inflammatory effect per cell of 0.1M calcium chloride (CaClz) on C20A44 2D monoculture over
7 days. IL-6 (A) and IL-8 (B) release were measured with ELISA, and chemokine released per cell were calculated
relative to total cell number at each timepoint. Positive control was LPS. Mean#SEM is presented. N=3. Statistical
significance between negative control and CaCl; or positive control are denoted by * and timepoint comparisons
D1 v D2-21 of each cell conditions by # p<0.05 #%/# p<0.01 #%/#% p<0.001 #**¥/7##and p<0.0001 »#+/ 774,

4.3.3.2.3 Cell morphology

In view of the time- and dose-dependent cytotoxic effects of the cross-linker CaCly
against HFF-1, the lowest CaCl> concentration (0.1M) was taken forward for further
testing against C20A4. C20A4 appeared relatively more resistant to the influence of
0.1M CaCl; upon the cell morphology, especially at earlier timepoints (figure 4.18).
Cell morphology of C20A4 were relatively well-preserved at the 5 and 15 minutes
exposure, coinciding with the high cell viabilities observed (figure 4.15C). Relatively
more subtle morphological changes were seen at 30 minutes and 1 hour, and this
precedes progressively marked alterations to cell morphology at 4 hours and beyond.
The morphological changes were coupled with an overall reduction in total cell
numbers, a stark contrast to the cell over-confluency with the negative controls at each
respective timepoint. Overall, this illustrates the time-dependent cytotoxic effects of
0.IM CaCl against C20A4, corroborating with data from the erythrosin B exclusion
assay and together supports the limitation of cross-linker exposure duration to

minimise cytotoxicity against C20A4.
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Figure 4.18 Light microscopy of the effect of 0.1M CaCl; cross-linker against C2044 2D monoculture over 7
days. Scale bars represent 200um.
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4.3.3.3 Section summary and further discussion - cross-linker toxicity testing

Gelation of the nanocellulose:alginate bio-ink is a necessary step in creating a 3D bio-
printed cartilage construct, and is therefore incorporated in the development of the 3D
in vitro model. As such, the cytotoxic and pro-inflammatory effects from cells exposed
to the cross-linker agent should be considered in addition to effects from bio-ink

material alone.

Both HFF-1 and C20A4 demonstrated time-sensitive, adverse biological impact when
exposed to the cross-linker CaClo. Whilst C20A4 was more tolerant of the cytotoxic
effects of 0.1M CaCl, than HFF-1, and no significant pro-inflammatory response was
detected at up to 4 hours, reduced viability was noted as early as 30 minutes following
CaCl; application. Therefore, the result from the cross-linker toxicity study strongly
supports the use of the lowest concentration of cross-linker, and restricting the time of

cross-linker application where feasible.

Calculations for chemokine release per cell considered the use of both total and live
cell concentration. Total cell concentration was chosen as it more closely reflected cell
numbers over the study period at each timepoint. In contrast, the use of live cell
concentration may falsely magnify effects measured. Whilst both approaches carry
limitations, due to the varied cell numbers between exposures and negative control, as
well as over time, chemokine release per cell approach provided an additional view

into cellular behaviour.

4.3.4 Cross-linkage time definition

Following on from the biological experiments in this chapter, the next two sections
focus on the gelation process with the Nanocellulose:Alginate bio-ink. As depicted in
figure 4.1, the minimum cross-linkage time was first defined for the creation of discs-
shaped pellets using silicon molds (detailed in section 2.11). This will be followed by
rheological studies which examined the real-time material alteration when exposed to

the cross-linker, CaCl,, over a 12 hour study period (described in section 2.12).
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4.3.4.1 Determination of minimum gelation time in silicon molds

Initial testing evaluated three types of pulp-derived nanocellulose and three CaCly
concentrations. There is a clear trend of shorter cross-linking time with higher CaCl,
concentrations (table 4.2). Cross-linking duration was consistent with different types
of pulp-derived nanocellulose, except with 0.5M CaCl, where CNF:Alginate required

a shorter cross-linking time.

Table 4.2 Summary of minimum cross-linking duration (minutes) for pulp-derived Nanocellulose:Alginate bio-
inks. Bio-inks were cross-linked within silicon molds to create Smm wide circular disc-shaped pellets using 100ul
bio-ink and 600l of CaCl,. The minimum time required for gelation was defined as reaching five consecutive
complete gelations with no residual un-crosslinked bio-ink. Testing was conducted at 1 minute intervals.

Bio-ink Cross-linker CaCl: concentration

0.1M 0.5M 1.0M
NCB:Alginate 15 11 6
CNC:Alginate 15 11 6
CNF:Alginate 15 9 6

The same study was repeated with the three forms of tunicate-derived nanocellulose,
each variably functionalised, as described previously in table 3.1. Collectively,
considering results from both the cross-linker toxicity testing and the gelation testing
with pulp-derived nanocellulose, the decision to proceed with 0.1M CaCl: for all
subsequent testing was taken. The results from table 4.2 confirms the suitability of the
lowest CaCl> concentration as viable from a gelation perspective. It did not incur
substantially longer cross-linker application times, which would in turn negatively

impact cells biologically.

Proceeding with the tunicate-derived Nanocellulose:Alginate bio-inks, the study
showed a trend of increasing cross-linking duration, from ETC (pre-enzymatically
treated) to CTC (carboxymethylated), ending with TTC (TEMPO-mediated oxidised)
requiring the longest cross-linking time (table 4.3). Broadly there was no difference in
cross-linking time between the use of culture media versus ddH>O for the
reconstitution of alginate. This result therefore supports the use of culture media for
the reconstitution of alginate for all future bio-ink creation and testing, with the

intention of limiting potential cytotoxic effects from the hypotonic ddH2O.
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Table 4.3 Summary of minimum cross-linking duration (minutes) for tunicate-derived Nanocellulose:Alginate
bio-inks.

Bio-inks Solvent for Alginate

Media Sterile ddH>O
ETC:Alginate 15 15
TTC:Alginate 18 20
CTC:Alginate 17 17

4.3.4.2 Rheological study of gelation of ETC:Alginate bio-ink with CaCl;
4.3.4.2.1 Gelation, viscoelasticity and oscillatory time sweeps

Whilst the previous study (section 4.3.4.1) identified the time required to achieve a
physical hydrogel state sufficiently robust to withstand manual manipulation and
handling for the purpose of in vitro model culture, it was recognised that ongoing
application of CaCl, would prolong the cross-linking process. This would lead to
constructs of altered physical and mechanical properties, which in turn impacts cell
behaviour. In addition to presentation and discussion of results, the next section aimed
to provide a succinct background in relevant concepts in material science and rheology

to aid results interpretation.

Rheological study in this project initiated with an attempt to quantitatively define the
gel point of the bio-ink. This can be delineated via oscillatory time sweep testing,
which offers real-time monitoring of viscoelastic property changes in a material 2%,
The bio-ink, sandwiched between two parallel plates, are subjected to sinusoidal stress
by a motor on one end, with the resultant strain measured by a sensor on the other. As
cross-linker is applied in the periphery of the bio-ink between the parallel plates, cross-
linkage occurs as Ca*" diffuses through the bio-ink radially from outside in. In this
experiment, measurements were taken every three seconds for a 12-hour study period,

permitting detailed examination of the temporal change of viscoelastic properties and

therefore gelation kinetics.

The relevance of applying the study of viscoelastic properties was not solely because
rheology offered a form of dynamic mechanical testing well-suited to the study of
material gelation 2. In tissue engineering, the design of biomaterials serves to enable

and potentially control cell function and cell fate, whereby the bio-ink or hydrogel
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sought to mimic the extracellular matrix in the human body. In the past decade or so,
numerous studies highlighted that controlling material stiffness, and more recently
viscoelastic properties, are crucial in their influence across a spectrum of cellular
behaviours. This meant that altering material mechanical properties can directly

2

influence cell migration 28!, proliferation and apoptosis 2? ,and stem cell fate and

function 283285,

286 confers

Viscoelasticity, possessed by the majority of tissue in the human body
materials both viscous and elastic characteristics. A purely elastic material, when
subjected to stress (amount of force applied to a unit of area), warps and stores the
deformational energy until the stress is removed, which then springs back to its original
state 247, A purely elastic material is therefore considered ‘solid’, with the stretched
spring being a classic analogy. This elastic material behaviour is measured by the

elastic or storage modulus (G’), defined as the ratio of stress to strain.

Strain is defined as the degree of deformation that results from stress, or the applied
force. The viscous or loss modulus (G”) is a measure of the viscous or ‘liquid’
behaviour of a material, defined as the ratio of strain to rate of stress. A viscous material
will dissipate the stress applied, often as heat, and upon removal of the deformational
stresses, will remain in the deformed state. In other words, the strain (or deformation)

becomes permanent.
4.3.4.2.2 Gel point

The gel point offered a quantitative definition of the sol-gel transition when the
ETC:Alginate bio-ink was exposed to CaCl.. Rheologically, the gel point is a
recognised state in gelation kinetics and is denoted at the modulus crossover, i.e. when
the storage modulus overtakes loss modulus, or vice versa. Mathematically, it is
otherwise defined as when tan J, calculated as the ratio of loss modulus to storage

modulus and otherwise known as the viscoelasticity function, equates to one.

Initial pilot study conducted with the pulp-derived NCB:Alginate bio-ink concluded
that the bio-ink is a visco-elastic solid. This corroborated with results from the
tunicate-derived ETC:Alginate bio-inks (figure 4.19). Despite exhibiting viscoelastic
properties, as the storage moduli of the uncrosslinked bio-inks were greater than their

loss moduli prior to contact with the cross-linker, this implied that the uncrosslinked
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bio-ink was a visco-elastic solid and therefore using the gel point to define complete

cross-linkage was not feasible.
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Figure 4.19 Oscillatory time sweeps of ETC:Alginate (media) and ETC:Alginate (ddH0) bio-inks exposed to
0.1M calcicum chloride. Time sweeps were conducted over 12 hours at 1Pa and 1Hz. Frequency sweeps were
between 0.01-1Hz. Storage (G’) and loss (G”) modulus were recorded at 3s intervals. N=3. Data smoothing and
visualisation was performed via the TRIOS software to permit preliminary analysis. A+B (top row) represent
ETC:Alginate (media) and C+D (bottom row) ETC:Alginate (ddH>0). A+C (left) showed G’ and B+D (right) G of
one repetition. Range of G’ and G presented in text.

4.3.4.2.3 Real-time monitoring of storage modulus during cross-linkage

To examine the gelation kinetics of the ETC:Alginate bio-inks, the times required to
reach the plateau of storage modulus (G’), and 50% of G’ plateau were calculated
(figure 4.20) 2. The times required for both were not significantly distinct when
comparing bio-inks with alginate reconstituted in media versus ddH>O (p>0.05). This
suggests that altering the alginate solvent did not infer significant mechanical property
differences following bio-ink cross-linkage. As cell behaviour can be influenced by
the viscoelastic properties of the hydrogel, this result could imply that should
significant cytotoxic and pro-inflammatory effects be detected in future 3D in vitro
model (chapter 6 and 7), the choice of alginate solvent is less likely to be a dominant

variable.
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Figure 4.20 Time to reach plateau and 50% plateau of storage modulus of ETC:Alginate bio-inks. Dot plots of
rheological time-sweep study comparing bio-inks ETC:Alginate (media) and ETC:Alginate (ddH>O) cross-linked
with 0. 1M CaCl,. Mean#SEM is described in text. N=3.

Further characterisation of the bio-ink and gelation kinetics is shown in figure 4.21,
where G’ at timepoints tested in the cross-linker toxicity testing were highlighted. Bio-
inks made of both alginate solvents showed a greater change in G’ at earlier timepoints
with a steeper gradient seen, compared to timepoints nearer the G’ plateau, in keeping
with what is expected following an external gelation method. Using media or ddH>O
as solvent for alginate did not significantly alter the G’ of the bio-inks when cross-
linked, although variance was greater with ddH>O, at up to 4 hours. The variance of
G’ of ETC:Alginate (media) widened nearing G’ plateau, more closely resembled that
seen with ETC:Alginate (ddH,0) (figure 4.21). This may be related to the material
confluence or the presence of minute air bubbles, both could lend the bio-ink a degree
of heterogeneity. However, overall, the results confirmed consistency between bio-ink

formulations, a positive attribute for the intended application as a 3D in vitro model.
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Figure 4.21 Storage modulus of ETC:Alginate bio-inks over time when exposed to 0.1M calcium chloride.
Gelation kinetics were studied using time-sweep test. Two bio-inks (ETC:Alginate (media) and ETC:Alginate
(ddH>0)) were tested. Storage modulus (G’) was measured over time. Vertical dotted lines represent timepoints
used in cross-linker toxicity testing, and includes 5, 15, 30 minutes, 1 hour and 4 hours. Additional timepoints
plotted, from left to right, include 50% G’ plateau, G’ plateau, G’ plateau + 30minutes and G’ plateau + 1h.
Mean#SEM is presented. N=3.
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4.4 Chapter Summary and Conclusion

This chapter examined the cytotoxic and pro-inflammatory effects of both alginate
(material) and CaCl, (cross-linker) on both human dermal fibroblast (HFF-1) and
human chondrocyte (C20A4) cell lines in 2D culture. Non-cell-based gelation and
rheological studies further defined the minimum cross-linking time required and bio-
ink gelation kinetics, respectively. Table 4.4 summarises the key findings of this
chapter and relevant items to be taken forward for future in vitro model development
and testing. The final bio-ink formulation for ETC:Alginate (media) and protocol for
the production of bio-ink and the 3D in vitro models are detailed in the SOP (Appendix

1).

Furthermore, whilst the gel point could not be defined due to the predominant elastic
behaviour of the pre-crosslinked bio-ink (objective 6), the minimum gelation time
required to create a hydrogel suitable for use in the 3D in vitro model was achieved
(objective 5). Studying the rate and magnitude of change in storage modulus upon
application of CaCl; provided additional information regarding material behaviour and
consistency. Variance, although not significantly pronounced, was observed and could

account for a degree of divergence in cell behaviour in future studies.

Taking all data acquired in this chapter into consideration, which included both cell-
based and non-biological gelation studies, the parameters for cross-linking were
defined, supporting the attainment of chapter objective 7 (to select the optimal CaCl,

concentration and duration of application) (table 4.4).
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Table 4.4 Summary of chapter conclusions and take-on messages.

Conclusions

Sterility

e UV-sterilised culture grade alginate met sterility threshold.

Material biological
effects

¢ No adverse cytotoxic or pro-inflammatory effects detected when HFF-1
and C20A4 were exposed to alginate in 2D culture.

Cross-linker
biological effects

e Time- and dose-dependent cytotoxic and pro-inflammatory effects of
CaCl2 were observed on HFF-1 in 2D culture, with 0.1M causing least
adverse effects.

e Viability of C20A4 was preserved (>70%) when exposed to 0.1M CaCla,
for up to 4 hours.

Model creation

o Silicon molds were successfully applied to create cross-linked bio-ink
3D pellets for use as an in vitro model for future testing.

Gelation:

Bench-top +
Rheology Study

e Bench cross-linking time of ETC:Alginate bio-ink with 0.1M CaClz
defined at 15 minutes using silicon mold system.

e Pre-crosslinked ETC:Alginate bio-ink held predominantly viscoelastic
solid properties and sol-gel transition could not be defined rheologically.

e Comparison of media and ddH20 as solvents for alginate showed no
significant difference in gelation kinetics and storage modulus.

Recommendations

o UV-treated alginate to be reconstituted in media for bio-ink ETC:Alginate.

o Creation of 3D in vitro model to utilise silicon molds yielding 8mm wide cross-linked discs.

o Cross-linking of ETC:Alginate bio-ink to be conducted with 0.1M CaCl: for 15 min.
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Chapter 5: Hyaluronic acid — additive bio-ink material:
Establishing sterility, its biological effects on HFF-1 and

C20A4 cell lines and cross-linkage behaviour
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5.1 Introduction

The focus of this chapter is the alternative additive bio-ink component, hyaluronic acid
(HA). This is the third of three results chapters detailing investigations of the effects
of each bio-ink component when tested individually (chapters 3-5). This will be
followed by the development of an advanced in vitro model (appendix 1) and testing

of the final hybrid bio-ink formulations (chapter 6-7).

HA is a native extra-cellular matrix (ECM) molecule, first isolated from tissue in 1934.
It is found in various biological tissue types and fluids, but is particularly abundant in
connective tissues such as the cartilage and skin 237-2%%, As a hydrophilic, linear, non-
sulfated, natural polysaccharide, not only does the ability of HA to retain water confers
physical properties that makes it an attractive biomaterial for hydrogel creation, the
inclusion of HA enhances biomimicry due to its role in cellular processes such as cell
adhesion, proliferation and inflammation *°. As such, HA is increasingly adopted in
tissue engineering. However, to enable hydrogel creation, modifications of HA are
needed to grant cross-linking abilities, with a host of cross-linking methods described
in the literature, ranging from chemical, physical to ionic cross-linking 2°°2%2, An
example includes the tyramine-substituted HA (T-HA). It can be cross-linked via an
oxidative reaction with hydrogen peroxide (H202) and horseradish peroxidase (HRP)
21 Whilst differing T-HA content, HO, and HRP concentrations can produce tunable
hydrogel of varying stiffness and visco-elasticity, an attractive proposition to permit
the selection of hydrogel compositions most appropriate for the intended tissue
regeneration, it is important to recognise the associated potential altered biological
impact. From a toxicological perspective, it is pivotal to define the specific form and
concentration of HA used, and the parameters of the cross-linkage processes where
relevant, to enable realistic exposure testing scenarios specific to end-product

application and to improve reproducibility of studies undertaken.

The work of this chapter builds upon previous research that developed bio-inks
consisting of nanocellulose and T-HA, cross-linked with H>O». Bio-inks containing T-
HA demonstrated suitable rheological (flow for 3D-printing) and mechanical
properties, with superior chondrogenicity (chondrocyte proliferation and ECM
formation) when compared with bio-inks made of nanocellulose and alginate

(unpublished data). In contrast to alginate, two concentrations of T-HA were identified
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as suitable for further testing, instead of one. Therefore, both T-HA concentrations

were tested in this chapter.

The aims of this chapter were three-fold:

ii.

iii.

To assess the cytotoxic and pro-inflammatory effects of HA against HFF-1 and
C20A4 cell lines.

To define the optimal cross-linking process of the bio-ink containing
nanocellulose (ETC) and HA, with respect to developing a 3D in vitro model.
To define the final bio-ink formulation containing both nanocellulose (ETC)

and HA.

The aims were met via the following objectives:

To ensure standardised material preparation procedures for HA.

To establish material sterility of HA over 21 days.

To assess the cytotoxicity and pro-inflammatory response of HFF-1 and C20A4
cell lines when exposed to HA.

To assess the cytotoxicity and pro-inflammatory effects of cross-linker HO»
against HFF-1 and C20A4 cell lines.

To define the minimum gelation time required, relating to aim (ii).

To define the gel point of bio-ink containing ETC and HA when cross-linked
with suitable cross-linker reagent.

To select the optimal HA concentration between 0.006g/ml and 0.012g/ml,

relating to aim (ii) and (iii).
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5.2 Methods

All methods used in this chapter were previously described in Chapter 2 (Materials
and Methods), except for the sterilisation and material preparation procedures for T-
HA which are detailed below. Sections referenced to Chapter 2 are as specified. Figure
5.1 outlines the workflow of this chapter. The chapter begins with the testing of T-HA,
followed by the non-tyramine-substituted HA (N-HA).

5.2.1 Concentrations of HA

Two concentrations of HA were used in this chapter, which are denoted as follows:
0.006g/ml (low) and 0.012g/ml (high). The basis from which the concentrations were

selected are detailed in section 2.3.1, based upon previous research.
5.2.2 Sterilisation and material preparation of HA

Two forms of HA were tested: T-HA and N-HA. Both T-HA and N-HA were supplied
in powder form and reconstituted as detailed in section 5.2.2.1 and 2.3.3.3,

respectively.

T-HA was made from the commercially available Corgel® BioHydrogel 5% Gel Kit.
The T-HA stock solution (30mg/ml) was first created with tyramine-substituted
sodium hyaluronate and HRP in PBS (both supplied within the Gel Kit), and

subsequently diluted to required concentrations.

N-HA was also acquired from LifeCore Biomedical, Inc., and is supplied as sodium
hyaluronate, i.e. without tyramine-substitution. The rationale behind the selection of
the specific form of N-HA was discussed in section 2.3.2.3. As N-HA can be directly
reconstituted solely with in-house solvents, N-HA was reconstituted as needed at the

desired concentration, without the need of prior creation of a HA stock solution.
5.2.2.1 Sterilisation and material preparation of T-HA

T-HA was classed as a research-grade product derived from GMP batches with low
bioburden, in accordance with the manufacturer. Sterilisation procedure was
undertaken prior to any material handling, following a protocol developed by the

research group (unpublished). Sterilisation involved treating the T-HA powder to UV-
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Figure 5.1 Schematic of chapter 5 workflow. Chapter 5 are broadly categorised based on the material tested,
initiating with tyramine-substituted hyaluronic acid (T-HA), followed by non-tyramine-substituted hyaluronic acid
(N-HA). Investigations of T-HA included sterility testing, material toxicity testing, cross-linker toxicity testing and
determination of minimum gelation time as the cross-linkage time study. Investigations of N-HA also included
sterility testing and material toxicity testing, and cross-linkage time studies consisted of both determination of
minimum gelation time and rheological testing. For sterility testing, T-HA (UV-sterilised and untreated) and N-HA
(sterile) were incubated in lysogeny broth (LB), yeast extract-peptone-dextrose (YPD) or sterile PBS, at 37°C under
constant agitation. Optical density was measured at 600nm. T-HA was tested on day 1, 2, 5, 7, 14 and 21, whilst
an abbreviated schedule was applied for N-HA consisting of day 7, 14 and 21. This was followed by material +/-
cross-linker toxicity testing for both HA forms. T-HA and the cross-linker hydrogen peroxide (H>O;) were tested
against HFF-1, whilst N-HA was tested against HFF-1 and C20A44, all as 2D monocultures at specified timepoints
depicted in figure. For both material and cross-linker toxicity testing, cytotoxicity (erythrosin B assay), pro-
inflammatory effects (IL-6 and IL-8 release) and morphology (light microscopy) were assessed. Bio-inks consisting
of both T-HA or N-HA were subjected to cross-linkage study to determine the minimum gelation time. Bio-inks with
N-HA proceeded to further rheological testing. Created with BioRender.com.

C at 254nm for one hour within a laminar flow hood. This was performed within the

supply container with the lid removed.

Reconstitution of T-HA was then performed, following manufacturer’s instructions.
To create a 30mg/ml T-HA stock solution, 8.33ml of HRP in PBS (10U/ml; as supplied)
was added to 250mg of T-HA powder. Contents were mixed well with a spatula for
approximately 15-20minutes at room temperature to ensure full dissolution and a
homogenous stock solution. The resultant material concentrations in the T-HA stock
solution are: 30mg/ml T-HA; 10U/ml HRP. The T-HA stock solution was stored at 4°C,

with parafilm cover of the lid, and hence forth handled in sterile conditions.

To enhance sterility, attempts were trialled to create smaller batches of HA stock
solution as needed. The rationale being that maintenance of sterility would be superior
in powder form versus in solution. This was, however, unsuccessful due to high static
build-up of the supplied T-HA powder, with subsequent loss of T-HA content during
attempts to aliquot the powder. The use of a static eliminator was trialled and despite
some reduction in static build-up, it did not mitigate the loss of T-HA. Therefore, to
ensure the full use of the supplied T-HA, both sterilisation and reconstitution were

performed within the supplied container.

All T-HA used in this chapter were of the UV-treated T-HA, prepared as described
above, except for the untreated T-HA used in the material sterility testing. The
‘untreated T-HA’ stock solution was created in the same manner as above, but without

the UV-C treatment step.
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5.2.2.2 Material preparation of N-HA

N-HA was supplied as a powder, in sterile condition. As such, no additional
sterilisation step was required. Material preparation involving N-HA was previously

described in section 2.3.3.3.

5.2.3 Material sterility testing

The protocols for microbial growth testing, and bacterial isolation when optical density
exceeds 0.1 were described in section 2.6. Incubation in three culture media (LB, YPD
and sterile PBS) was conducted in the same manner as with sterility testing of

nanocellulose and alginate.

For T-HA, 100l of the HA stock solution (30mg/ml) was used. For N-HA, 100ul of
N-HA reconstituted in sterile ddH»>O at the high concentration was used. By testing
against the higher N-HA concentration, if sterility was proven, sterility of HA at the

lower concentration could be inferred.

Regarding timepoints, testing was extended to 21 days from previous published
protocols to account for the full study period. Whilst T-HA was subjected to the full
testing timepoints, which included day 1, 2, 5, 7, 14 and 21, testing of N-HA underwent
an abbreviated schedule of day 7, 14 and 21 only. Due to material cost implications, it
was surmised that should sterility be maintained at latter timepoints, sterility at earlier

timepoints was implied.

5.2.4 Toxicity testing of material (T-HA and N-HA) and cross-linker (H20:) on
HFF-1 cell line

The cytotoxic and pro-inflammatory effects of each material or cross-linker were
tested independently against both the HFF-1 and C20A4 cell lines in 2D monocultures.
This included assessment using the erythrosin B exclusion assay, ELISA to assess IL-

6 and IL-8 release, and light microscopy to visualise the impact on cell morphology.

The time course of material and cross-linker toxicity testing was kept consistent

amongst various bio-ink components tested. Timepoints for material toxicity testing
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included day 1, 2, 3, 5 and 7 (acute) and day 14 and 21 (chronic). For cross-linker
toxicity testing, there was nine timepoints tested which were 5, 15 and 30 minutes, 1
and 4 hours, and 1, 2, 5 and 7 days. The rationale behind the choice of timepoints for

cross-linker toxicity testing was previously explained in section 4.2.3.

A summary of chemicals (including concentrations) and cell types tested in material
and cross-linker toxicity testing undertaken in chapter 5 is provided in table 5.1 and
figure 5.1. Material and cross-linker toxicity testing initiated with T-HA and H20:
against HFF-1. As a result of the cytotoxic effects of H>O> at concentrations required
to achieve cross-linkage, the application of T-HA and H,O» was deemed futile and
therefore further material and cross-linker testing against C20A4 was rendered

irrelevant and was not undertaken.

In material toxicity testing, T-HA involved the dilution of T-HA stock solution in
culture media, whilst N-HA involved direct reconstitution in media at desired
concentrations. For cross-linker toxicity testing, H>O> were diluted in media at desired
concentrations. All material and cross-linker in media used for toxicity testing were

made immediately prior to exposures.

Table 5.1 Summary of chemicals and cell types tested in material and cross-linker toxicity testing of hyaluronic
acid (HA) and hydrogen peroxide (H,0;). Two forms of HA were tested: tyramine-substituted HA termed T-HA
and non-tyramine-substituted HA termed N-HA.

Material Cross-linker
T-HA N-HA H-0:
Cell types HFF-1 HFF-1 + C20A4 HFF-1
Chemical high + low high + low 5, 10, 15, 20, 25uM
Concentration 5,10, 15, 20, 25mM

5.2.4.1 H20,

All H20> used in this chapter was obtained from Sigma-Aldrich (30% (w/w) in H,O
with stabiliser; product code H1009, 5ml). To enhance consistency, only H2O> in
bottles opened within seven days was used. This was in recognition of the more rapid
oxidation of H,O, after bottle opening with the potential loss of potency, thereby

introducing variability and potentially impacting results measured.

Concentration ranges tested were based on previous research that investigated

nanocellulose: T-HA bio-inks cross-linked by H>O> (unpublished). This consisted of 5,
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10, 15, 20 and 25 at uM and mM ranges. The uM was applied for studies with cellular
components, whilst the mM range was used for cell-free experiments such as
rheological or testing of mechanical properties as it produced stiffer and stronger
constructs. To understand their biological impact and explore their potential
application to the intended in vitro model for biocompatibility testing, both uM and

mM H>O; ranges were tested in the cross-linker toxicity testing against HFF-1.
5.2.4.2 Cell culture

Cell culture methodologies for HFF-1 and C20A4 in 2D monocultures were detailed

in section 2.7.
5.2.4.3 Erythrosin B exclusion assay

The erythrosin B exclusion assay was used to assess cytotoxicity in all 2D
monocultures conducted in this chapter. The assay methodology was previously

described in section 2.8.2.
5.2.4.4 ELISA

For the assessment of pro-inflammatory response, quantification of IL-6 and IL-8

released was performed using ELISA. Its methodology was described in section 2.8.3.
5.2.4.5 Light microscopy

Cell morphology was examined using light microscopy as detailed in section 2.8.4.

5.2.5 Gelation of Nanocellulose:HA bio-ink

The study of gelation of Nanocellulose:HA bio-inks was staged, in the same manner
as that in chapter 4 examining Nanocellulose:Alginate bio-inks. Determination of the
minimum gelation time to create a standardised 8mm wide circular disc with 100ul
bio-ink in a silicon mold was first undertaken. This enabled selection of the optimal
bio-ink formulations and cross-linker reagent and concentration required to progress

to the next phase of rheological testing.
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Bio-inks were created following protocols described in sections 2.3 and 2.4, detailing
procedures including material sterilisation and preparation, concentrations of material
used, material mixing and bio-ink preparatory steps. Based upon results from chapter
3, all nanocellulose used in this chapter was tunicate-derived ETC in a single
concentration, detailed in section 2.3.1. Both forms of cross-linkage studies were
performed in a similar manner to that in chapter 4, differing only in the bio-inks and

cross-linkers tested.
5.2.5.1 Determination of minimum gelation time in silicon molds

Methodologies and rationale behind the testing and definition of the minimum gelation

time in silicon molds are detailed in section 2.11 and section 4.3.4.1, respectively.

Table 5.2 and 5.3 summarises the bio-inks tested, which are also depicted in figure 5.1.
This can be broadly categorised into bio-inks using T-HA and N-HA, constituting table
5.2 and 5.3 respectively.

Testing initiated with T-HA, beginning with bio-inks made solely of nanocellulose and
T-HA. These were cross-linked with H>O,. Both the uM and mM concentration ranges
were tested, mirroring concentrations examined in cross-linker toxicity testing. Due to
incomplete gelation with 25uM which was the highest concentration within the uM
range (table 5.4), a dose range study was undertaken to gain information bridging the
concentration gap between the uM and mM ranges. All concentrations tested were
shown in table 5.2. Due to the broad concentration gap (25uM — SmM), concentrations
tested were set at ImM interval between 1-4mM, and approximating serial halving for

concentrations below 1mM to encompass a representative spread of concentrations.

Due to results and conclusions drawn from investigations related to T-HA, which will
be expanded upon in section 5.3.1, the transition towards a triple component bio-ink
was trialled. The pilot testing was conducted using T-HA, but with the addition of
alginate and was cross-linked by 0.1M CaCl,. This was the same concentration of
cross-linker used for the bio-ink ETC:Alginate in chapter 4. Variables in the pilot

testing are summarised in table 5.2.

Due to the success of the pilot testing of the triple component bio-ink, transition

towards the use of N-HA was made, which will be detailed and further discussed in
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section 5.3.1.4. The cross-linkage study parameters for bio-inks using N-HA are

detailed in table 5.3.

Table 5.2 Overview of bio-inks, solvents and cross-linkers tested in the study of minimum gelation time in silicon
molds with bio-inks containing tyramine-substituted hyaluronic acid (T-HA). Two forms of nanocellulose were
used: pulp-derived nanocellulose blend (NCB) and tunicate-derived enzymatically pre-treated nanocellulose
(ETC). Components denote the hybrid nature of the bio-ink compositions. Two T-HA concentrations were tested,
denoted as low for 0.006g/ml and high for 0.012g/ml. *denotes concentrations tested as a dose range study.

Two component Triple component (pilot testing)
Bio-inks Solvent [H20:] Bio-inks Solvent | [CaCl]
NCB:T-HA (low) ddH,O 25uM ETC:Alginate:T-HA (low) ddH,O 0.1M
ETC:T-HA (low) 5, 10, 15, 20, 25mM ETC:Alginate:T-HA (high) media
ETC:T-HA (high) *37.5, 75, 125, 250,
500uM,
1,2,3,4mM

Table 5.3 Overview of bio-inks, solvents and cross-linkers tested in the study of minimum gelation time in silicon
molds with bio-inks containing non-tyramine-substituted hyaluronic acid (N-HA). Nanocellulose used was
enzymatically pre-treated and tunicate-derived, denoted as ETC. N-HA was tested in a high (0.012g/ml) and low
(0.006g/ml) concentration.

Triple component
Bio-inks Solvent [CaCly]
ETC:Alginate:N-HA (low) ddH,O 0.1IM
ETC:Alginate:N-HA (high) media

5.2.5.2 Rheological study of gelation

Rheological study in the forms of oscillatory time sweep experiment was conducted in
a similar manner to that in chapter 4. Bio-inks and cross-linker tested were refined
from previous studies in this chapter, and were the same as that tabulated in table 5.3.
Experimental and data analysis methodologies were previously described in sections
2.12.2,2.12.3 and 2.12.4. Overall, four bio-inks were tested to compare the material
performance between the high and low N-HA concentrations, and between the use of

media versus sterile ddH>O as solvents for alginate and N-HA.
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5.3 Results and Discussion

As two forms of HA were investigated in series, results and discussion are discussed

beginning with T-HA (section 5.3.1), followed by N-HA (section 5.3.2).
5.3.1 Tyramine-substituted hyaluronic acid
5.3.1.1 Material sterility testing

Microbial growth assay was performed to compare between T-HA as supplied

(untreated) versus T-HA that was sterilised by UV treatment.

All culture conditions maintained OD less than 0.1 threshold, denoting sterility, except
for the untreated T-HA cultured in YPD. This suggests that the sterility of sterilised T-
HA was maintained for the full study period in all media types (figure 5.2).

Whilst untreated T-HA maintained sterility in LB for up to 21 days, a rise in OD above
0.1 was seen on day 14 and 21 in YPD, although this was not statistically significant.
The results indicate that there was a positive effect of UV treatment with regards to
sterility, as the rise in OD in YPD at latter timepoints was not seen in UV-treated
samples. As LB and YPD preferentially support the growth of bacteria and yeast
respectively, the results indicate that the likely contaminant of T-HA was a form of
yeast, although bacterial isolation did not yield positive growth. Nonetheless, exact
identification of the contaminating microbe was not strictly relevant for the project as
untreated T-HA will not be used in culture conditions and for the advanced in vitro
model. The potential of material agglomeration as a cause of rise in OD was deemed

less likely due to the consistently low OD when T-HA was cultured in sterile PBS.

Statistical testing performed included comparison between sterilised and untreated
samples at each timepoint, between negative control and sterilised or untreated
samples at each timepoint, and time course comparison of each culture condition
between day 1 and day 2 — 21. There was no statistically significant difference for all

comparisons and across all timepoints.

Overall, the results are in line with the information provided from the manufacturer,
whereby T-HA was considered a ‘clean’ material with low bio-burden, but not defined
as sterile. Based on these results, UV-treatment of T-HA was confirmed as a necessary

material preparatory step and that the resultant material was suitable for culture for up
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to 21 days. To account for potential chemical alterations from UV-treatment and the
downstream impact on material behaviour including gelation, all T-HA used in the

project will be UV-treated regardless if the material was used in cell-based or cell-free

studies.
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Figure 5.2 Sterility testing of tyramine-substituted hyaluronic acid (T-HA). Assessment of sterility and material
effects of T-HA on optical density in A) lysogeny broth (LB), B) yeast extract-peptone-dextrose (YPD) and C) sterile
PBS. UV-sterilised and non-sterilised T-HA in LB, YPD or sterile PBS were incubated at 37°C under constant
agitation over 21 days. Media or PBS without T-HA served as negative control. Optical density measured at 600nm.
Accepted arbitrary threshold for sterility at <0.1 denoted by horizontal dotted line. Mean#SEM is shown. N=3.

5.3.1.2 Material toxicity testing
The cytotoxic and pro-inflammatory effects of T-HA were assessed using the

erythrosin B exclusion assay and measuring the levels of IL-6 and IL-8 released,

beginning with the HFF-1 cell line (human dermal fibroblast).

As detailed in section 2.3.1, two concentrations (0.006g/ml and 0.012g/ml) will be
simply referred to as ‘low’ and ‘high’ in all subsequent descriptions. For example, T-

HA at 0.006g/ml will be referred to as ‘“T-HA (low)’.
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5.3.1.2.1 Cytotoxicity

HFF-1 exposed to T-HA demonstrated lower total and live cell concentrations than the
negative control at all timepoints, although this was not statistically significant (figure
5.3A/B). The reduced cell concentrations may be due to increased media viscosity with
the addition of T-HA, adversely impacting cellular access to nutrients and oxygen by
diffusion. This could explain the dose-dependent effect, whereby T-HA (high) was
associated with greater media viscosity as well as more marked reduction in cell
concentrations. Nonetheless, the trend of total and live cell concentrations of HFF-1
exposed to T-HA followed that of negative control albeit at a lower level. There was a
rise between day 1 and day 14, followed by a decline on day 21, most likely the result
of over-confluence. The latter, however, was not seen with T-HA (high), presumably
due to a lower cell concentration and not reaching the threshold of over-confluency to
cause the subsequent drop in cell concentrations. Despite a reduction in total and live
cell concentrations, cell viability was not significantly reduced when HFF-1 was
exposed to T-HA when compared to negative control throughout the study period.
Taken together, the results suggests that cells exposed to T-HA, in both concentrations,
did not experience significant cytotoxicity, but did display a reduction in cell

proliferation when compared to the negative control.

In terms of seeking a superior T-HA concentration based on the cytotoxicity data,
comparison between the high and low concentrations of T-HA showed no statistically
significant difference in total and live cell concentrations and cell viability at all
timepoints (figure 5.3). The advantage of T-HA (low) over T-HA (high) in terms of
greater cell concentrations and therefore greater degree of cell proliferation, may be
subject to the system’s effects (i.e. 2D culture), and is not necessarily translatable to

3D models.
5.3.1.2.2 Pro-inflammatory response

Comparison between HFF-1 exposed to T-HA versus negative control showed that
whilst IL-6 release was consistently lower in exposures conditions, HFF-1 exposed to
T-HA released greater levels of IL-8 on day 2-7 (figure 5.4). However, there was no
statistically significant difference at all timepoints, with either high or low T-HA

concentrations. Considering temporal change, a general rising trend was observed with
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Figure 5.3 Cytotoxicity of 2D monoculture of HFF-1 exposed to tyramine-substituted hyaluronic acid (T-HA)
over 21 days. Two T-HA concentrations were tested, denoted as 0.006g/ml (low) and 0.012g/ml (high). Total (4)
and live (B) cell concentration and cell viability (C) were assessed with erythrosin B assay. Positive control was
0.1% Triton X-100. Mean£SEM is presented. N=3. Comparison between negative control and T-HA (low), T-HA
(high) or positive control at each timepoint were denoted by # and timepoint comparisons of each culture
conditions by # Statistical significance is shown as: p<0.05 %# p<0.01 *##% p<0.001 +**%/### and p<0.0001
kN HHBH,

both chemokines, with all cellular conditions. There was a sharp rise on day 14,
reaching statistical significance on day 21 when compared to chemokine levels on day
1 (p<0.0001). Interpretation of chemokine levels between negative control and
exposures, and changes over time, is limited by the varying cell concentrations and
therefore cell numbers between culture conditions and timepoints. Rise in chemokines
levels measured could be due to cell activation, or increased cell numbers, or both.
Therefore, to account for this, chemokine levels per cell was evaluated to offer an

additional perspective in the next section (figure 5.5).
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Figure 5.4 Pro-inflammatory effect of tyramine-substituted hyaluronic acid (T-HA) on HFF-1 2D monoculture
over 21 days. Two T-HA concentrations were tested, denoted as 0.006g/ml (low) and 0.012g/ml (high). IL-6 (A)
and IL-8 (B) release were measured with ELISA. Negative control consisted of HFF-1 2D monoculture without
material exposure, termed ‘negative control — cells only’. Positive control was LPS 1ug/ml. Material interference
on assay was investigated with material treated to the same experimental conditions, termed ‘negative control —
T-HA only’, which included both T-HA concentrations. Mean#SEM is presented. N=3. Statistical significance on
timepoint comparisons D1 v D2-21 of each culture conditions are denoted by: p<0.05 # p<0.01 ## p<0.001 #%#%
and p<0.0001 ###

Considering still the total amount of chemokines measured, direct comparison of the
high and low concentrations of T-HA showed no difference in IL-6 and IL-8 release
across all timepoints (p>0.05) (figure 5.4). This suggests that the two T-HA

concentrations tested did not produce a varied pro-inflammatory response by HFF-1.

The impact of material interference on the ELISA was also assessed by treating cell-
free T-HA under the same experimental and culture conditions before measuring the
levels of each chemokine at the same timepoints. Overall, relatively low but detectable
levels of both chemokines were seen across the study period to suggest a degree of
material interference of the assay. However, chemokines levels remained low
throughout, and from day 5 onwards, levels were markedly below all cellular
conditions. Whilst timepoint comparison revealed statistically significant changes in
both chemokines between day 1 and 21, for both material concentrations tested
(p<0.0001), taken together, it was concluded that biologically significant material

interference of the assay was not present.

The application of per cell adjustment did not alter the overall pattern of results. Direct
comparison of IL-6 and IL-8 release per cell between the two tyramine-substituted HA

concentrations showed no statistically significant difference to infer superiority.
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Figure 5.5 Pro-inflammatory effect per cell of tyramine-substituted hyaluronic acid (T-HA) on HFF-1 2D
monoculture over 21 days. Two T-HA concentrations were tested, denoted as 0.006g/ml (low) and 0.012g/ml
(high). IL-6 (A) and IL-8 (B) release were measured with ELISA, and chemokine released per cell were
calculated relative to total cell number at each timepoint. Negative control consisted of HFF-1 2D monoculture
without material exposure, termed ‘negative control — cells only’. Positive control was LPS 1ug/ml. Mean£SEM
is presented. N=3. Comparisons between negative control and T-HA or positive control at each timepoint is
denoted by * and timepoint comparison within each culture condition between day 1 and day 2-21 by #
Statistical significance conditions are denoted by: p<0.05 %% p<0.01 #*%/#% p<0.001 *++/#2%# and p<0.0001
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When compared with negative control, there were no statistically significant difference
in IL-6 or IL-8 release per cell with HFF-1 exposed to T-HA, at both concentrations.
This suggests that T-HA did not stimulate a pro-inflammatory response when applied

to HFF-1 over a 21 day period.

Time course review did reveal a rising trend of IL-6 and IL-8 release per cell over time.
This was noted in all culture conditions, with a statistically significant rise on day 21
(p<0.05 for IL-6, p<0.001 for IL-8). This suggests that cells were activated on day 21
in this model, regardless of T-HA or LPS treatment or lack of, indicating the need for

further model development at latter timepoints.
5.3.1.2.3 Cell morphology

The impact on cell morphology of HFF-1 exposed to two concentrations of T-HA was
assessed by light microscopy. There was a general trend of increasing cell confluence
over time, mirroring the rise in total cell concentration (figure 5.6). Whilst examination
with the erythrosin B exclusion assay demonstrated greater total and live cell
concentrations in the negative control, light microscopy images showed that HFF-1s
cultured in T-HA looked comparable to cells in negative control. Shadows and dark

‘clumps’ were seen in culture conditions containing T-HA, which were more apparent
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Figure 5.6 Light microscopy of effect of tyramine-substituted hyaluronic acid (T-HA) on HFF-1 2D
monoculture over 21 days. Two T-HA concentrations were tested, denoted as 0.006g/ml (low) and 0.012g/ml (high).
Negative control constitutes HFF-1 2D culture without T-HA exposure. Scale bars represent 200pum.
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at latter timepoints with prolonged culture. These reflect the material effects on the
media with potential increase in viscosity and a degree of heterogeneity with ‘gel
clump’ formation with prolonged culture at 37°C. There also appeared to be a greater
amount of extra-cellular matrix production in cells exposed to T-HA, causing enhanced
contrast in light microscopy images. This may be explained by an increase in
chondrogenicity in cells exposed to T-HA (unpublished data from the research group).
Overall, cell morphology was not significantly altered and a rise in cell proliferation
can be appreciated when HFF-1 was exposed to T-HA. There was also no marked
difference between cells exposed to the high or low concentration of T-HA. This result
suggests that T-HA at the concentrations used in the bio-ink did not induce gross

adverse cytotoxic effects against HFF-1 in 2D culture.
5.3.1.2.4 Section summary — material toxicity testing

In summary, T-HA did not demonstrate cytotoxic or pro-inflammatory effects with
preserved cell morphology when exposed to HFF-1, although cell proliferation was
hindered which may be due to a systems effect from the model. Comparison between
the high and low concentration of T-HA were mostly comparable, except for an
advantage of greater cell proliferation with T-HA (low) although this maybe specific
to the system in 2D culture. Data also suggest further development of the model at
latter timepoints maybe indicated, due to over-confluency with subsequent reduction

in cell numbers as well as cell activation with marked pro-inflammatory response.

5.3.1.3 Cross-linker toxicity testing

This section details the results of the assessment of the cytotoxic and pro-inflammatory
effects of H2Oz, the cross-linker for T-HA, and its impact on cell morphology against
the HFF-1 cell line. Results are presented with the uM range first, followed by the mM

range.
5.3.1.3.1 Cytotoxicity

HFF-1 in the negative control displayed an overall rising trend of total and live cell
concentrations up to day 5, followed by a small decline, although this was not

statistically significant. This may reflect that confluency was reached at day 5, with
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time course comparison showing a statistically significant rise on day 5 when
compared to at 5 minutes (p<0.001). However, cell viability in negative control was

preserved and remained between 80-95% during the study period (figure 5.7).

When exposed to 5-25 uM H>0O», the total and live cell concentrations of HFF-1 were
similar to that of negative control, both displaying greater variance on day 5 and 7. On
the other hand, cell viability showed a statistically significant reduction with the
application of H>O.. This was the case for all five uM concentrations at all timepoints
tested. However, direct comparison between the five H>O> uM concentrations did not
reveal any statistically significant difference for total and live cell concentration and

cell viability over time (p>0.05).

Positive control (0.1% Triton X-100) also led to a statistically significant reduction in
total cell concentration on day 5, and reduction in live cell concentration at all
timepoints. Live cell concentration and cell viability with positive control were zero at

all timepoints from 15min to day 7, and was not depicted in figure 5.7.

These results demonstrate that cytotoxic effects against HFF-1 were detectable even
at the lower uM H>0- range. At the lowest concentration of 5uM, cell viability

maintained at levels above 70% up to 4 hours application.

Next, the effects of the mM range of H>O, against HFF-1 is discussed (figure 5.8).
Compared to the uM range, cytotoxic effects were significantly more pronounced

when exposed to 5-25mM H>O, and a dose-dependent trend was observed.

Total cell concentration was reduced when HFF-1 were exposed to the mM range of
H>O,. This was statistically significant at all timepoints for the majority of
concentrations tested: 10 and 15mM p<0.05, 20 and 25mM p<0.01. Associated
reductions in live cell concentration were also dose-dependent, and was a more
sensitive measure compared to total cell concentrations: SmM p<0.05, 10 and 15mM
p<0.001, 20 and 25mM p<0.0001. These findings were consistent at all timepoints

tested and was not shown in figure 5.8.

187



3 £
A) 2 1.5x105 B 1.5%10° 100
8 T 3
g ::; g 80
= 5 = 1. S
3 1.0%x10' 3 1.0x10 E:- 60
| g 2
e * g S 40
S 5.0x10% § 5.0x104 =
2 S © 20
8 Fhk 8
F ool —T 315 g 0T T T T R "W T " A )
o EEg-F58388%8 - tEEg-S0aada EEE-T¥00o0a0
v e ° 28 w59
Time Time Time
B) E £
3 1.5%105 B 1.5%10%
3 s 3
A K -
c 5 2
';—9, 1.0x105 £ 1.0x10° z
£ £ 2
@ o S
g g 2
§ 5.0x10¢ 5 50108 =
= B © 20
S i\*—w e
I w0l 2 ool TT T L A s
2 EELES5385 S EREEEEEEE EEEEEEEE
EEE 5§ E §§ 8
n v o
- @ - ™ - @™
Time Time Time
C) t £
3 1.5%105 M % 1.5%10% 100
3 3
& ) _
-5 5. ‘5 1.0x105 < ® ) £
§1.0x10 g B g 60 *k - - LY
I3 c Q2
g g S 40
5 4 5 5.0x10 =
S 5.0x10 S 3
= 3 20
o s [5)
E 0 T T T T H WO r—T T T I T i3 07T T T T
§ VEIIFisgis 3 FpifEiads TEEEEEEE
6283 °es 5283
Time Time Time
D) £ £
B 1.5%x10% B 1.5%x10%
3 d 3
A A ~
g g g
£ 1.0x10°% - 1.0x10° z
£ g 2
g 5.0x10¢ 8 5.0x10% =
= = © 20
8 Jkk o
E 00T T T s L e e A R M Or—T—T—T T T T
2 £Effégads 4 Efg-98885 EfE-¥8888
& & & 583 se g
- ™
Time Time Time
E) £ £
8 1.5x10° % 1.5%10°5 100
° " 3
LA ) < 80 *
§ E. .. g B e
£ 1.0x105 £ 1.0x10 2 o *x
- s H b Aok ook
g Q H s
g e > 40
K 5.0x10% S 5.0x104 3
= = © 20
o HKK 8
] Y rrrziiiize £ IIrzZiZizg I L e
= E-E-EfvEnnn = EEE-S0a85b £ 58885
n v o n v o w
- ™ - ™
Time Time Time
-©- Negative Control & H,0, ¢ Positive Control (Triton)

Figure 5.7 Cytotoxicity of cross-linker hydrogen peroxide (H,03) 5-25uM against 2D HFF-1 monoculture over
21 days. The effects of 5 (4), 10 (B), 15 (C), 20 (D) and 25 (E) uM H>O; were assessed using erythrosin B assay.
Total cell concentration (left column), live cell concentration (middle) and cell viability (right) were assessed.
Negative control was HFF-1 2D monoculture alone, and positive control was 0.1% Triton X-100. Mean+SEM is
presented. N=3. Comparison between negative control and H>O: is denoted by *and timepoint comparison of Smin
v 15min to day 7 for each culture condition by # Statistical significance is presented as: p<0.05 #/# p<0.01 #*#/##,
p<0.001 ==#/77%#and p<0.0001 #xx=/77##
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Figure 5.8 Cytotoxicity of cross-linker hydrogen peroxide (H,03) 5-25mM against 2D HFF-1 monoculture over
21 days. The effect of 5 (), 10 (B), 15 (C), 20 (D) and 25 (E) mM H>O; were assessed using erythrosin B assay.
Total cell concentration (left column), live cell concentration (middle) and cell viability (right) were assessed.
Negative control was HFF-1 2D monoculture alone, and positive control was 0.1% Triton X-100. Mean+SEM is
presented. N=3. Comparison between negative control and H>O: is denoted by *and timepoint comparison of Smin
v 15min to day 7 for each culture condition by # Statistical significance is presented as: p<0.05 #/# p<0.01 #*#/#7%,
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Cell viability followed a similar trend, demonstrating that with increasing H20:
concentration, shorter periods of cross-linker application were able to induce
cytotoxicity with cell viability below 50%. The timepoints at which cell viability fell
below 50% for each H>O: concentration were: Sminutes for 25mM, 15minutes for

20mM, 1 hour for 10 and 15mM and 4 hours for 5SmM.

Although time course comparison of total cell concentration, live cell concentration
and cell viability showed overall minimal statistically significant changes over time
with all mM concentrations, trends of reduction in cell viability was present at all mM
concentrations. This demonstrates a time-dependent effect, in addition to dose-

dependency.

On the whole, HFF-1 experienced notable cytotoxic effects when exposed to H>O». A
clear time- and dose-dependent effect was observed at 5-25mM range, whilst a lesser
but still detectable cytotoxic effect was seen at 5-25uM range. This raised questions
regarding the suitability of H>O: as a cross-linker agent in constructs that both
encapsulates and interfaces with cells. This is further discussed in future sections

following examination of other biological indicators and gelation kinetics.
5.3.1.3.2 Pro-inflammatory response

The effects of H>O; in the uM range is first considered. Levels of IL-6 and IL-8
released by HFF-1 in all culture conditions were relatively low between 5 minutes and
4 hours. This was followed by a rise between day 1 and 7, which was statistically

significant on day 2-7 for both chemokines (p<0.0001) (figure 5.9).

Upon initial analysis, without adjustment for total cell counts, IL-6 release was
comparable between with negative controls and exposures to 5-25uM H20», at all
timepoints (p>0.05). Comparison between the five H>O; concentrations in the pM
range also showed no statistically significant difference in terms of IL-6 and IL-8

release (p>0.05).

Chemokine release per cell was then assessed (figure 5.10). A similar trend of rising
IL-6 and IL-8 over time were seen, for all culture conditions, reaching statistical

significance with IL-6 on day 5 and 7 (p<0.0001). However, HFF-1 did not

demonstrate significant pro-inflammatory effects when exposed to H>O; in the uM
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Figure 5.9 Pro-inflammatory effect of cross-linker hydrogen peroxide (H,0;) 5-25uM on HFF-1 2D
monoculture. HFF-1 was exposed to H>O> at 5, 10, 15, 20 and 25uM for 5, 15, 30 minutes, 1, 4 hours and
1, 2, 5 and 7 days. IL-6 (A) and IL-8 (B) release were measured with ELISA. Positive control was LPS
1ug/ml. Mean£SEM is presented. N=3. Statistical significance of timepoint comparison between Smin and
15min—day 7 for each culture condition are denoted by: p<0.05 # p<0.01 #% p<0.001 ### and p<0.0001

Vi

191



A) 0.020—

cell)
o 29
g 8%
> 2T

5uM

0.004+

0.002-

IL-6 per cell (pg/

0.000-

10pM

g

3
15uM S 0.004

]

Q.

©

2

20pM

25uM

Figure 5.10 Pro-inflammatory effect per cell of cross-linker hydrogen peroxide (H;0>) 5, 10, 15, 20 and 25uM
on HFF-1 2D monoculture over 7 days. IL-6 (4) and IL-8 (B) release were measured with ELISA, and chemokine
released per cell were calculated relative to total cell number at each timepoint. Positive control was LPS 1pg/ml.
Mean#SEM is presented. N=3. Statistical significance between negative control and H>O: or positive control are
denoted by * and timepoint comparisons Smin v 15min-7 days of each cell conditions by # p<0.05 ## p<0.01

5min

5min

15min

15min

30min

=
-

Time

*k

4h

Time

£
<

Time

k%

*k

D1

-
[a]

*k

D2

]
[a]

D5

0
(=]

D7

~
[=]

[1 Negative Control

#3/77 p<0.001 #»%/787 and p<0.0001 »x+x/ 7747

= H,0,

192

B)

0.03
0.02
0.01

Fookok

Fokokk
i

L]

. il
T k.

(=] o
(=3 [=
o (=
H (-

IL-8 per cell (pg/cell)

e @9
o o
S o
S N

IL-8 per cell (pg/cell)

£ £ £ £ £ - N © I~
E E E - % 0000
B 6 o
- ®
Time
0.03 Sookok
0'021 Fokok
ok
0.01 ol 1
0.006

Fokkk

IL-8 per cell (pg/cell)

Time

0.03 Sokokk
0.02
0.01 **:***‘** **‘**

IL-8 per cell (pg/cell)

Time
0.03 Fokokok

% 0.02 Hokkk

sokokk
< o0.01 G i
>
20.
3
o
Co.
8
o
L
Jo.

4h
D1
D2
D5
D7

£
£
S
)

Time

Il Positive Control



ranges, although cells could be activated as seen in the positive control. Similar to
consideration of total chemokine release, comparisons between the concentrations of
the uM range did not show significant differences in IL-6 or IL-8 release per cell

(p>0.05).

HFF-1 when exposed to all five H>O, concentrations in the mM range displayed a
significant reduction in IL-6 release when compared to negative control, which was
statistically significantly at all timepoints (p<0.01) (figure 5.11). Taking into
consideration the heightened cytotoxicity with H>O» in the mM range as discussed in
section 5.3.1.3.1, such findings are likely due to the absence of viable cells, or altered
cell state. IL-6 was non-detectable across all timepoints with 15mM, 20mM and 25mM
H>0,. A low level of IL-6 was detected on day 2 with 10mM H>O», but was otherwise
non-detectable. The lowest concentration tested in the mM range, SmM, showed low

level of IL-6 during the study period.

In terms of IL-8, HFF-1 exposed to 5-25mM H20: demonstrated a detectable, but
relatively low and static levels throughout the study period. From day 1 onwards,
whilst levels of IL-8 with HFF-1 exposed to H2O2 remained comparatively low, those
with the negative control rose between day 1 and 7. Direct comparison of IL-8 levels
from HFF-1 exposed to the five mM H>O: concentrations did not show any statistically

significant difference (p>0.05).

Chemokine release per cell was then evaluated in a similar manner to before, for HFF-
1 exposed to 5-25mM H;0,. Extremely low to non-detectable levels of IL-6 were seen
with HFF-1 exposed to 5-25mM, consistent with results considering total chemokine
release, as well as with known cytotoxic effects of H>O» in the mM range. Interestingly,
heightened release of IL-8 was seen in per cell calculations. Although this was
intermittent at varied timepoints and concentrations with no discernible trend or
pattern. Nonetheless, this is likely to reflect cellular dysfunction of the remaining

viable cells.

Overall, both the uM and mM ranges of H2O2 showed no clear demonstratable pro-
inflammatory effects against HFF-1 in 2D culture. This finding is likely to be
confounded by the cytotoxic effects against HFF-1, with minimal viable cells present

to mount a response.
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Figure 5.11 Pro-inflammatory effect of cross-linker hydrogen peroxide (H;0,) 5-25mM on HFF-1 2D
monoculture. HFF-1 was exposed to H>O at 5, 10, 15, 20 and 25mM for 5, 10, 15 minutes, 1, 4 hours and
1, 2, 5 and 7 days. IL-6 (A) and IL-8 (B) release were measured with ELISA. Positive control was LPS
1ug/ml. Mean#SEM is presented. N=3. Statistical significance between negative control and H>O, or
positive control are denoted by * and timepoint comparisons Smin v 15min-7 days of each cell conditions
by # p<0.05 #/# p<0.01 *##7 p<0.001 #**#/7%#7and p<0.0001 ##+#+/7777
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Figure 5.12 Pro-inflammatory effect per cell of cross-linker iy rogen peroxide (H,03) 5-25mM on HFF-1 2D
monoculture over 7 days. IL-6(A) and IL-8(B) release were measured with ELISA, and chemokine released per cell
was calculated relative to total cell number at each timepoint. Positive controls was LPS 1ug/ml. Mean#SEM is
presented. N=3. Statistical significance between negative control and H>O or positive control are denoted by:
p<0.05 % p<0.01 #x p<0.001 *x**and p<0.0001 ##*+x
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5.3.1.3.3 Cell morphology

The impact of H>O; on the cell morphology of HFF-1 was assessed with light
microscopy. Considering negative controls first, the comparable morphological
appearance and cell densities at all timepoints under 1 day were as expected, as this
encompassed a relatively short timeframe from a cell culture perspective. Following

which, a gradual rise in cell density was observed, reaching confluence on day 7.

The most notable finding was the significant difference in cell morphology between
HFF-1 exposed to H2O> in the uM versus mM range (figures 5.13 and 5.14). On the
other hand, cell morphology within each concentration range remained fairly similar

between the five concentrations tested.

HFF-1 exposed to 5-25uM H>0; maintained their cell morphology, with no significant
difference in cell densities observed when compared with negative control across all

timepoints up to day 7.

In contrast, HFF-1 exposed to 5-25mM H>O- displayed evidence of cell death as early
as at 30 minutes of exposure, whilst altered cell morphology could be appreciated even
sooner at 15 minutes. The beginnings of the loss of spindle-like morphology were seen,
heralding subsequent cell death. A dose- and time-dependent trend of greater
morphological changes with higher H>O2 concentrations was also observed.
Furthermore, cell death appeared relatively consistent from lhour of exposure at the

mM range, across all concentrations.

On the whole, the findings on light microscopy were consistent with that elicited with
the erythrosin B exclusion assay. This result therefore corroborates with the
cytotoxicity data and supports the conclusion that H>O; at 5-25mM resulted in

significant cytotoxicity.
5.3.1.3.4 Section summary — cross-linker toxicity testing

Studies pertaining to the toxicity of cross-linker H>O> against HFF-1 showed marked
cytotoxicity at the higher 5-25mM range. Whilst the lower 5-25uM range

demonstrated relatively well-preserved cell morphology and a lack of pro-
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Figure 5.13 Light microscopy of HFF-1 cell line exposed to hydrogen peroxide (H:>0>) at 5-25uM in 2D
monoculture over 7 days. Five H,O, concentrations were tested: 5, 10, 15, 20, 25uM for 5, 15, 30 minutes, 1, 4
hours and 1, 2, 5 and 7 days. Negative control constitutes HFF-1 2D culture without H>O; exposure. Scale bars

represent 200pm.

inflammatory response from HFF-1, there was a reduction in cell viability to suggest
a degree of cytotoxicity in this concentration range. In view of the overarching aim of
achieving tissue-engineered cartilage constructs, H>O, at 5-25mM was deemed

unsuitable for use as a cross-linker due to unacceptable adverse effect on cells.

In parallel to the cross-linker toxicity testing, cross-linkage time studies were also
conducted and will be presented in the next section. Conclusions from both the
biological and cell-free cross-linkage datasets will be discussed jointly in subsequent
section 5.3.1.5. This will include the rationale behind why further testing of both T-
HA and H>O, against the C20A4 cell line was not conducted.
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Figure 5.14 Light microscopy of HFF-1 cell line exposed to hydrogen peroxide (H>0;) at 5-25 mM in 2D
monoculture over 7 days. Five H>O, concentrations were tested: 5, 10, 15, 20, 25mM for 5, 15, 30 minutes, 1, 4
hours and 1, 2, 5 and 7 days. Negative control constitutes HFF-1 2D culture without H>O: exposure. Scale bars
represent 200um.

5.3.1.4 Cross-linkage definition
5.3.1.4.1 Determination of minimum gelation time in silicon molds

In line with the approach taken with the cross-linker toxicity testing, both H>O»
concentration ranges were tested to determine their respective minimum gelation times
using the silicon mold system. Initial testing begun with the bio-ink consisting of pulp-
derived NCB and T-HA (low). The results are shown in table 5.4. Cross-linkers in the

2-25 mM range consistently achieved gelation, and therefore created cross-linked
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Table 5.4 Summary of minimum cross-linking duration (minutes) for Nanocellulose: Tyramine-substituted
hyaluronic acid (T-HA) bio-inks. Bio-inks tested consisted of nanocellulose and T-HA. T-HA at concentration of
0.006g/ml was denoted as ‘low’ and of 0.012g/ml as ‘high’. Three bio-inks tested were: i) Pulp-derived
nanocellulose blend (NCB) with T-HA termed ‘NCB:T-HA (low)’, ii) + iii) Tunicate-derived enzymatically pre-
treated nanocellulose (ETC) with T-HA at low and high T-HA concentrations termed ‘ETC:T-HA (low) ’and ‘ETC:T-
HA (high)’, respectively. Bio-inks were cross-linked within silicon molds to create Smm wide circular disc-shaped
pellets of 100ul bio-inks and 600ul cross-linker hydrogen peroxide (H>O;) at specified concentrations. The
minimum time required for gelation was defined as reaching five consecutive complete gelation with no residual
uncross-linked bio-ink. N=5 for samples which failed to achieve gelation. Testing was conducted at 1 minute
intervals in mM range of H>O> and hourly for uM range. ‘X @24h’ represents failure to achieve gelation at 24
hours of cross-linker application.

Bio-ink Cross-linker H20: concentration
M mM
25uM SmM 10mM 15SmM 20mM 25mM
NCB:T-HA (low) X @24h 12 10 9 9 9
ETC:T-HA (low) X @?24h 12 - - - -
ETC:T-HA (high) X @24h 55 - - - -

hydrogel discs suitable for use in the advanced 3D in vitro model. Higher H>O>
concentration was associated with faster gelation time, although this plateaued above
15mM. In contrast, the highest uM concentration at 25uM did not succeed in fully
cross-linking the 100ul bio-ink in the silicon molds, despite prolonged application at
24 hours (n=5). Further testing at lower uM concentrations was not conducted as it

was anticipated that they will not achieve gelation.

As experiments were conducted in parallel, results from prior experiments were taken
into consideration, permitting a focused approach with each sequential step of testing.
As shown in table 5.4, the bio-inks consisting of tunicate-derived nanocellulose ETC
and T-HA at both high and low concentrations were tested next. The bio-inks tested
were based upon the selection of ETC and non-superiority between the high and low
T-HA concentration, as described in section 3.3.2 and 5.3.1.2.4 respectively. Cross-
linker concentration was rationalised to include the highest of the uM and lowest of
the mM range, i.e. 25uM and 5SmM Hz0,. The former assumed that lower
concentrations will not achieve gelation should 25uM proved unsuccessful. The latter
was based on cross-linker cytotoxicity testing, whereby higher concentration would
lead to more severe cytotoxicity. This was not warranted when gelation was achieved

with a lower and ‘safer’ concentration.

The results indicated that the change of nanocellulose form did not alter the

unsuccessful outcome when 25uM H>O» was used (table 5.4). On the other hand, SmM
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Table 5.5 Summary of minimum cross-linkage duration (minutes) for Nanocellulose: Tyramine-substituted
hyaluronic acid (ETC:T-HA (low)) bio-ink with cross-linker hydrogen peroxide (H,Q0;) between 37.5uM — 4mM.
This study assessed gelation time with H>O> between previously studied concentration ranges. Cross-linker
concentrations tested were: 37.5, 75, 125, 250 and 500 uM and 1, 2, 3 and 4mM H>O,. T-HA concentration for the
bio-ink was 0.006g/ml and denoted as ‘low’. Bio-inks were cross-linked within silicon molds to create Smm wide
circular disc-shaped pellets of 100l bio-inks and 500ul H>O>. The minimum time required for gelation was defined
as reaching five consecutive complete gelation with no residual uncross-linked bio-ink. Testing was conducted at 1
minute intervals in mM range of H>O:> and hourly for uM range. ‘X (@24h represents failure to achieve gelation at
24 hours of cross-linker application.

Cross-linker H20: concentration
pM 37.5uM 75uM 125pM 250pM 500pM
X @24h 5 hours
mM - 1mM 2mM 3mM 4mM
- 49 42 26 22

was able to cross-link the same bio-ink, with the low T-HA concentration, with the
same gelation time of 12 minutes. Interestingly, the increase in T-HA concentration led
to a markedly longer gelation time at 55 minutes. This may reflect the influence of
higher HA content upon diffusion of H>O> across the bio-ink. In this case, due to the
time-dependent cytotoxic effects of H>O», as demonstrated in section 5.3.1.3, decision
was taken to continue testing using the bio-ink ETC:T-HA (low) to limit cross-linker

application duration and the associated adverse cellular effects.

Having established that 25uM H>O, cannot achieve gelation and that SmM H>O» can
cross-link the bio-ink ETC:T-HA (low) in a reasonable timeframe, there remained a
wide concentration gap where the effectiveness of H»O» to achieve gelation was
unknown. To bridge this gap, an abbreviated dose range study was conducted to

explore the gelation time for H>O» between 25uM and SmM (table 5.5).

Concentrations required to limit the cross-linker exposure time to under one hour or
30 minutes were ImM and 3mM H»>O,, respectively. Both of which were associated
with unfavourable cytotoxicity to support their application in an in vitro model or for

tissue engineering purposes.

Taken together, this gelation time study established that HO> was ineffective or non-
biocompatible with the proposed bio-ink and hydrogel creation system at the 25uM —

SmM concentrations tested.
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To achieve the goal of incorporating HA in a nanocellulose-based bio-ink whilst
circumventing the issue with cross-linkage using H>O:, several potential strategies

were considered and are now discussed.

As concentrations of T-HA, HRP and H>O: can all influence the cross-linking process
and therefore gelation time, one option was to explore beyond the single HRP and two
T-HA concentrations tested. However, this could be counter-intuitive as the T-HA and
HRP concentrations for the bio-ink, and H>O» concentrations as cross-linker were
based on previous research investigating alternative bio-ink performance parameters.
Expanding beyond previously tested T-HA and HRP concentrations would require
future rheological and mechanical testing to confirm suitability and may not prove

fruitful.

Furthermore, cross-linkage with HRP and H>O: is a relatively common cross-linking
strategy for T-HA, with reports of use of 100uM — ImM H,O; in the literature 2%°. As
the current study encompassed and extended beyond this concentration range, this
indicates that the concentrations tested were in line with published studies and further
exploration was of uncertain value. The work of Abu-Hakmeh et al investigated 2%
w/v (i.e. 20mg/ml) T-HA hydrogels cross-linked with 900uM H>0, and 0.06-0.24U/ml
HRP. With increasing HRP concentrations, gelation time was reduced (from 60 to 3
minutes), and stiffer and stronger constructs were produced ?*. In another study, 2%
w/v T-HA cross-linked hydrogel was created with 0.12U/ml HRP and 0.5-1mM H>O>
293, At three weeks of culture, mechanical degradation and significant decline in cell
numbers were seen. Between the H,O, concentration range tested, it was found that

higher H>0O, concentration was protective of hydrogel degradation in culture.

For context, the bio-ink in this study consisted of T-HA at 30mg/ml and a significantly
greater HRP concentration at 10U/ml. Although the work of Abu-Hakmeh et a/ found
that raising HRP concentration reduced gelation time at 900uM H20O», the bio-ink
tested in this study required a much higher H>O> concentration to achieve adequate
cross-linkage. It must be considered that varying geometry of the desired construct and
different systems in which the cross-linker is applied can affect gelation time, and
therefore studies are not directly comparable. Nonetheless, they provide an indication
that further testing via the adjustment of T-HA, HRP and H>0O» concentration may not

prove successful and supported consideration of alternative strategies.
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A potential option which retains the use of T-HA is to employ other cross-linking
modalities. An example would be to cross-link with UV light, which requires the
addition of a photosensitiser such as riboflavin ?°!. However, the cellular impact with
the application of both the UV light and photosensitiser is unknown and maybe
unfavourable. There are also logistical considerations to applying UV treatment on
cell-encapsulated bio-inks whilst maintaining sterile and culture conditions. As such,

this was not adopted for further testing.

Taking an altogether different approach, the concept of hybrid or composite bio-inks
are frequently adopted to bring together advantages of different material, and is
common in the field of tissue engineering %, Silva et al investigated a hybrid bio-ink
made of HA, cellulose nanocrystal and tropoelastin 2°*. In this work intended for tissue
engineering applications, nanocellulose was introduced to improve HA hydrogel

stability and tropoelastin to enhance material elasticity.

Pertaining back to the goal of achieving a nanocellulose-based bio-ink incorporating
HA for biomimicry, but required cross-linking abilities, it was hypothesised that a
triple component bio-ink to include alginate could be cross-linked with CaCl,. The
bio-ink used in trial testing consisted of nanocellulose (ETC), HA (T-HA) and alginate,
cross-linked with 0.1M CaCla. All component parts were previously investigated in
chapter 3-5 and demonstrated satisfactory sterility and toxicity profiles. Table 5.6
demonstrates proof of concept, with successful cross-linkage achieved. The gelation
time was 21 minutes with the low T-HA concentration. An unexpected finding was the
much prolonged gelation time for the bio-ink containing the high T-HA concentration
using media as the solvent. Additional technical replicates were conducted (n=10),
confirming the findings. Therefore, the results supported the transition towards a triple

component bio-ink consisting of ETC, alginate and HA, crosslinked with 0.1M CaCl,.

Table 5.6 Summary of minimum cross-linkage duration (minutes) for triple component bio-inks
Nanocellulose:Alginate: Tyramine-substituted hyaluronic acid (T-HA) with cross-linker calcium chloride
(CaCly). Bio-inks tested consisted of tunicate-derived enzymatically pre-treated nanocellulose (ETC) and T-HA at
two concentrations (0.006g/ml - ‘low’ and 0.012g/ml - ‘high’). Bio-inks were cross-linked within silicon molds to
create Smm wide circular disc-shaped pellets of 100 bio-inks and 600ul CaCl 0.1M. The minimum time required
for gelation was defined as reaching five consecutive complete gelation with no residual uncross-linked bio-ink.
Testing was conducted at 1 minute intervals up to 45 minutes, beyond which testing was at 5 minutes interval.

Bio-inks Solvent for Alginate

Media Sterile ddH.O
ETC:Alginate:T-HA (low) 21 21
ETC:Alginate:T-HA (high) 90 (n=10) 41

202



5.3.1.5 Section summary — tyramine-substituted hyaluronic acid

Investigations undertaken to understand the effects of T-HA have established sterility
with UV-treatment, and the lack of cytotoxic or pro-inflammatory effects when
exposed to HFF-1 in 2D monoculture. Study of the biological impact and effectiveness
in cross-linking with H>O> unfortunately demonstrated incompatibility with the

current 3D in vitro model creation system.

Whilst 5-25mM H20O; was associated with significant cytotoxicity, reduction in cell
proliferation was witnessed with 5-25uM, despite maintenance of cell morphology and
no gross cytotoxic or pro-inflammatory effects observed based upon the erythrosin B
exclusion assay and release of IL-6 and IL-8. As a minimum of 3mM H>O, was
required to achieve gelation within 30 minutes, the associated cytotoxicity rendered

the model creation system incompatible.

The results also demonstrated that increasing T-HA concentration prolongs gelation
time, an undesirable trait due to the time-dependent cytotoxic effects of the cross-
linker, with the lower T-HA concentrations selected for model creation purposes. On
the other hand, variation of HRP concentration to influence gelation time has been
discussed and is unlikely to alter the conclusion that cross-linkage with T-HA, HRP

and H>0> is incompatible with the existing model creation system.

Expanding upon the cellular effects of H>O», as a reactive oxygen species, its genotoxic
and cytotoxic effects are well-documented in the literature 2% 2%, At sub-lethal
concentrations, H>O> can act as secondary messengers for various physiological
stimuli and influence signal transduction pathways 2%°. It is also a powerful inducer of
apoptosis, although the dose range varies according to cell types. The application of
H>O:> can trigger several interacting, but mechanically distinct cell death pathways.
These may be distinguished, for example, with caspase 9 activation signifying the
initiation of apoptosis, NFkB with oxidative stress and possible DNA damage, and
p53, the dysregulation of cell cycle and proliferation®s. The predominantly adverse
effects of H>O: across dose range, taken together with the demonstrable cytotoxic
effects against HFF-1 (one of two cell types of the intended co-culture in vitro model)
implies that even if a feasible T-HA and HRP concentrations can permit the use of a
lower H20O> concentration with a shorter cross-linkage time, negative cellular impact

is to be expected. This therefore supports the notion to move away from the T-HA,
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HRP and H>O; cross-linkage system. Keeping in mind the intended end-application of
tissue engineering, which will produce larger volume constructs (such as the human
ear cartilage framework), longer cross-linkage duration is likely required, further

limiting the application of H2O> as a safe cross-linking agent.

For 3D bioprinting, an optimal compromise is needed between bio-compatibility
(sustaining encapsulated cell viability pre- and post-print, and supporting host cell
migration post-implantation), favourable rheological (flow for printing) and
mechanical properties (strength and flexibility post-print and post-cross-linkage). This
compromise is described as the ‘biofabrication window’ paradigm 2°’. The results from
this study highlighted above re-iterates the opposing nature and conditions required

within the ‘biofabrication window’.

In order to extend the ‘biofabrication window’, parameters could be adjusted or
exchange within the bio-ink and cross-linker system. In this case, the addition of
alginate cross-linked with CaCl, was trialled with a successful proof of concept. This
led to the major transition in the project with the introduction of the triple component
bio-ink. Consequentially, this led to the next section of this chapter investigating a
non-tyramine-substituted form of HA (N-HA). As native human HA does not contain
the modification of tyramine-substitution, when the need to cross-link with HRP and
H>O> was no longer, there was a strong basis to adopt a more biologically relevant
form of HA. Furthermore, in recognition of the benefit of a sterile material source
supply, as is the case with tunicate-derived nanocellulose, sterility was added as a
selection criterion. Finally, due to the aforementioned transition, material toxicity and
cross-linker toxicity testing against C20A4 and rheological testing of T-HA-based bio-

inks were not conducted.
5.3.2 Non-tyramine-substituted hyaluronic acid

The core differences between T-HA and N-HA were that the latter was supplied sterile,
and more closely mimic native human cartilage HA with no gross chemical
modification such as tyramine-substitution, and was of a higher molecular weight. The

rationale behind and selection process of N-HA was detailed in section 2.3.2.3.

Assessment of N-HA followed the same approach as with nanocellulose, alginate and

N-HA. Sterility testing and material toxicity testing against both HFF-1 and C20A4
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cell lines were conducted. Cross-linker toxicity testing did not require repetition as
0.IM CACl; was used. This was the same cross-linker and concentration as defined
with Nanocellulose: Alginate bio-ink, and cross-linker toxicity results against both cell
types are as detailed in section 4.3.3. Cross-linkage time definition studies, in the forms
of determination of minimum gelation time in silicon molds, as well as rheological
studies were performed to understand the material behaviour of this triple component
bio-ink formulation. Whilst results are presented sequentially to mirror chapter 4 and
section 5.3.1 (T-HA), successful gelation within silicon molds using the new N-HA

was initially confirmed, prior to detailed material testing.
5.3.2.1 Material sterility testing

As N-HA was supplied sterile, the material was not subjected to UV-sterilisation, and
therefore was tested as supplied. An abbreviated testing schedule with latter timepoints
was adopted, with the assumption that sterility at latter timepoints infer sterile

conditions at earlier timepoints.

Whilst OD remained below the 0.1 threshold for 21 days in both LB and sterile PBS,
the OD was on the cusp of 0.1 on day 21 when cultured in YPD (figure 5.15). A greater
variance was noted (mean OD+SEM was 0.106+0.021). Of note, the rise in OD was
also observed in the cultured negative control of YPD media (Mean OD + SEM was
0.138 £ 0.011), although this was not seen in fresh YPD not subjected to culture over
time (figure 5.15B). In comparison to contaminated pulp-derived nanocellulose (figure
3.5), the rise in OD with N-HA was slight, just breaching the 0.1 threshold. The OD
associated with N-HA was also below that of cultured negative control. Bacterial
isolation of all samples exceeding OD of 0.1 did not yield microbial growth at 21 days.
The coloured nature of YPD and batch-to-batch variability may be contributory to the
slight rise in OD observed. Taken together, the results did not indicate N-HA material

contamination, and therefore remain suitable for use.
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Figure 5.15 Sterility testing of non-tyramine-substituted hyaluronic acid (N-HA). Assessment of sterility and
material effects of N-HA on optical density in A) lysogeny broth (LB), B) yeast extract-peptone-dextrose (YPD)
and C) sterile PBS. N-HA in LB, YPD or sterile PBS were incubated at 37°C under constant agitation over 21
days. Media or PBS without N-HA served as negative control, which included both uncultured (fresh) and cultured
conditions. Optical density measured at 600nm. Accepted arbitrary threshold for sterility at <0.1 denoted by
horizontal dotted line. Mean£SEM. N = 3.

5.3.2.2 Material toxicity testing

In the same manner as with T-HA, both high and low concentrations were tested for
material toxicity. This was performed against both cell types, HFF-1 (human dermal
fibroblast) and C20A4 (human chondrocyte) cell lines. Cytotoxicity was assessed
using the erythrosin B exclusion assay, pro-inflammatory effects via quantification of

IL-6 and IL-8 release and cell morphology visualised with light microscopy.
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5.3.2.2.1 HFF-1 cell line (human dermal fibroblast)
5.3.2.2.1.1 Cytotoxicity

The trends seen with total and live cell concentration were similar to that with T-HA
(figure 5.3A/B and 5.16A/B). There was an increasing trend between day 1 and day
14, which was statistically significant for cells exposed to N-HA and negative control
on day 7 and 14, when compared to day 1. This was followed by a decline in both cell
concentrations and cell viability on day 21, likely a result of over-confluence (figure

5.16C).

A divergence was noted, in both total and live cell concentrations, from day 7 onwards.
Cell concentrations were in descending order: greatest in negative control, followed
by N-HA (low) and lowest with N-HA (high). This suggests that cell proliferation was
hindered with increasing N-HA exposure. However, direct comparison between
negative control and N-HA exposures, and between the two concentrations of N-HA,

did not reveal statistically significant differences.

Despite a reduction in total and live cell concentrations with HFF-1 exposed to N-HA,
cell viability remained comparable between negative control and exposure scenarios
(figure 5.16C). As previously discussed with T-HA, N-HA was also reconstituted in
media resulting in marked viscosity and this may have served as a contributory factor
towards altered cell behaviour such as cell proliferation. Whilst it cannot be defined
within the remit of this study if altered cell concentrations were the effect of the
viscosity of the media alone, nonetheless cell viability was preserved when exposed to
N-HA. Indeed, cell viability was more similar between negative control and cells
exposed to N-HA (figure 5.16C) versus cells exposed to T-HA (figure 5.3C). It was
concluded that N-HA was biocompatible with HFF-1 for the purpose of this project.

In terms of comparison between the two concentrations of N-HA, despite a higher total
and live cell concentration with N-HA (low), there was no statistically significant
difference between N-HA (high) and N-HA (low). As such, it was concluded that
neither concentrations (0.006g/ml and 0.012g/ml) of N-HA caused significant
cytotoxicity when exposed to HFF-1 in 2D culture for up to 21 days.
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Figure 5.16 Cytotoxicity of HFF-1 exposed to non-tyramine-substituted hyaluronic acid (N-HA) in 2D
monoculture over 21 days. Two N-HA concentrations were tested, denoted as 0.006g/ml (low) and 0.012g/ml
(high). Total (4) and live (B) cell concentration and cell viability (C) were assessed with erythrosin B assay.
Positive control was 0.1% Triton X-100. Mean£SEM is presented. N=3. Comparison between negative control and
N-HA (low), N-HA (high) or positive control at each timepoint were denoted by # and timepoint comparisons of
each culture conditions by # Statistical significance is shown as: p<0.05 %/# p<0.01 #*#/## p<0.001 *»+/###and
P<0.0001 »#x4/7525%

5.3.2.2.1.2 Pro-inflammatory response

For IL-6, all culture conditions demonstrated a rising trend over time, with a
statistically significant rise on day 21 (p<0.0001) (figure 5.17A). The amount of IL-6
released when HFF-1 was exposed to N-HA in both concentrations were lower than
negative control in day 1-3, before reaching similar levels between day 5 and 14. HFF-
1 exposed to N-HA appeared activated and released greater amounts of IL-6 than
negative control on day 21. However, there was no statistically significant difference
between cells exposed to N-HA versus negative control at all timepoints. IL-6 levels

were also comparable between those associated with N-HA (high) and N-HA (low)
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throughout the study period, indicating no significant difference between the two N-

HA concentrations.

Trends with IL-8 were akin to those with IL-6. An increase in IL-8 levels over time
was observed, with statistical significance reached on day 14 and day 21 (figure
5.17B). There was no significant difference between negative control and both N-HA
concentrations, as well as no difference between the two concentrations of N-HA. This

was the case across all timepoints tested.

Material interference on the assay was examined with a cell-free, material only control.
IL-6 was non-detectable on day 2 through to 14. Although extremely low levels of IL-
6 were detected on day 1 (1.41pg/ml) and day 21 (2.97pg/ml). With IL-8, measurable
but consistently low levels of IL-8 were detected. With both chemokines, when
compared to cellular conditions, the non-detectable to low levels detected deemed any

material interference as negligible in effect.

What was observed with both chemokines was higher levels with HFF-1 exposed to
N-HA versus negative controls on day 21. Similar to previous experiments examining
IL-6 and IL-8 release, chemokine release per cell was calculated to take into account
the varied cell number across different cell culture conditions and timepoints (figure

5.18).

Overall, IL-6 and IL-8 demonstrated similar trends. Levels of both chemokines rose
over time, with a statistically significant increase reached on day 21. With comparably
high levels of IL-6 and IL-8 with the negative control and N-HA exposures, this level
of chemokine may reflect the status and limitation of the model at this latter timepoint.
Le. cells were activated, possibly secondary to over-confluence, and would benefit

from further model optimisation.

Comparison between the negative control and N-HA exposures showed relatively
similar chemokine levels throughout the study period to suggest N-HA did not produce
a pro-inflammatory effect against HFF-1 in 2D culture for up to 21 days. Interestingly,
chemokine levels were noted to be higher on day 14 in exposures conditions than in
negative control. This was associated with greater variance with IL-6, and a greater
increase than negative control with IL-8. However, statistical significance was not
reached. Furthermore, direct comparison between the high and low concentration of

N-HA showed no significant difference.
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Taken together, N-HA did not induce a pro-inflammatory response with HFF-1 in 2D

culture for up to 21 days.
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Figure 5.17 Pro-inflammatory effect of non-tyramine-substituted hyaluronic acid (N-HA) on HFF-1 2D
monoculture over 21 days. Two N-HA concentrations were tested, denoted as 0.006g/ml (low) and 0.012g/ml
(high). IL-6 (A) and IL-8 (B) release were measured with ELISA. Negative control consisted of HFF-1 2D
monoculture without material exposure, termed ‘negative control — cells only’. Positive control was LPS 1ug/ml.
Material interference on assay was investigated with material treated to the same experimental conditions, termed
‘negative control — N-HA only’, which included both N-HA concentrations. MeanZSEM is presented. N=3.
Statistical significance on timepoint comparisons D1 v D2-21 of each culture conditions are denoted by: p<0.05 #
p<0.01 #% p<0.001 ###and p<0.0001 ####
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Figure 5.18 Pro-inflammatory effect per cell of non-tyramine-substituted hyaluronic acid (N-HA) on HFF-1 2D
monoculture over 21 days. Two N-HA concentrations were tested, denoted as 0.006g/ml (low) and 0.012g/ml
(high). IL-6 (4) and IL-8 (B) release were measured with ELISA, and chemokine released per cell were calculated
relative to total cell number at each timepoint. Negative control consisted of HFF-1 2D monoculture without
material exposure, termed ‘negative control — cells only’. Positive control was LPS 1ug/ml. Mean#SEM is
presented. N=3. Statistical significance for timepoint comparisons within each culture condition between day 1 and
day 2-21 are denoted by # p<0.05 # p<0.01 #% p<0.001 ### and p<0.0001 ####
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5.3.2.2.1.3 Cell morphology

Following a similar trend as seen in the erythrosin B exclusion assay, light microscopy
images showed a rise in cell densities over time reflecting the increase in total cell
concentration (figure 5.19). Comparison between both concentrations of HA revealed
that with the higher HA concentration, cell confluence was reached at a later timepoint
on day 14, as opposed to day 7 with the lower HA concentration. Mirroring results
seen in the erythrosin B exclusion assay, a somewhat lower cell confluency can be
appreciated on day 21 in the negative control and with N-HA (low). This likely reflects
a drop in cell viability with over-confluence at earlier timepoint in culture. Cell
morphology was maintained through the study period with the application of N-HA in

both concentrations.

5.3.2.2.2 C20A4 cell line (human chondrocyte)

The effect of N-HA on the C20A4 cell line was tested in 2D monoculture. Testing
included both the high and low N-HA concentrations, and they were assessed in the

same vein as material toxicity testing against HFF-1.
5.3.2.2.2.1 Cytotoxicity

Total and live cell concentrations of C20A4 showed similar trends across the 21 day
study period. A peak in total and live cell concentration was reached sooner with
negative control (day 3), compared to N-HA (low) on day 5 and N-HA (high) on day
14. Both total and live cell concentrations were greater in negative control versus with
C20A4 exposed to both concentrations of HA, which was statistically significant
across all timepoints (figure 5.20 A/B). Total and live cell concentrations were higher
with N-HA (low) compared to N-HA (high), although the divergence narrowed at latter
timepoints. Despite this, there was no statistically significant difference between both
concentrations of N-HA in terms of total and live cell concentration, nor with cell
viability. Interestingly, despite varied total and live cell concentrations between
negative control and HA exposures, cell viability remained comparable between all
three conditions with no statistically significant difference between N-HA exposures

and negative control at all timepoints (figure 5.20C).
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N-HA (low) N-HA (high)

Figure 5.19 Light microscopy of effect of non-tyramine-substituted hyaluronic acid (N-HA) on HFF-1 2D
monoculture over 21 days. Two N-HA concentrations were tested: 0.006g/ml (low) and 0.012g/ml (high). Negative
control constitutes HFF-1 2D culture without N-HA exposure. Scale bars represent 200um.
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Taken together, this suggests an inhibitory effect on cell proliferation of N-HA against
C20A4 when exposed in 2D monoculture. It may be possible that the increased
viscosity of media inherent to the inclusion of N-HA impacts nutrient and oxygen
diffusion and thereby adversely affect cell growth and behaviour. Indeed, higher N-
HA concentration, yielding a more viscous media, was associated with slower and
lower levels of cell proliferation. Of note, cell viability throughout the study period
remained comparable between N-HA exposures, including the high N-HA
concentration and negative control. This suggests that cells were relatively healthy and
did not display gross cytotoxic effects when exposed to N-HA, despite reduced cell
numbers. It is difficult to distinguish in this setting the effect of media viscosity versus

true cytotoxic effects of the material (N-HA) per se. Nonetheless, preserved cell
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Figure 5.20 Cytotoxicity of C20A4 exposed to non-tyramine-substituted hyaluronic acid (N-HA) in 2D
monoculture over 21 days. Two N-HA concentrations were tested, denoted as 0.006g/ml (low) and 0.012g/ml
(high). Total (A) and live (B) cell concentration and cell viability (C) were assessed with erythrosin B exclusion
assay. Positive control was 0.1% Triton X-100. Mean£SEM is presented. N=3. Comparison between negative
control and N-HA (low), N-HA (high) or positive control at each timepoint were denoted by * and timepoint
comparisons of each culture conditions by # Statistical significance is shown as: p<0.05 ## p<0.01 *»¥#%
p<0.001 »»#/7%#and p<0.0001 »++x/757%
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viability in cells exposed to N-HA suggests that N-HA is biocompatible with C20A4
with respect to cell viability, despite reduced growth when exposed in a 2D culture

scenario.
5.3.2.2.2.2 Pro-inflammatory response

Both IL-6 and IL-8 demonstrated lower levels of chemokine release from C20A4

exposed to both concentrations of N-HA compared to negative control at all timepoints

(p>0.05; figure 5.21).

Time course comparison showed an overall rising trend with time, with statistically
significant increase reached on day 21 when compared with day 1. This was the case
for both chemokines, and with all cell-containing culture conditions. This likely reflect

limitation of the model, with known over-confluence reached at latter timepoints.

Whilst chemokine levels released were greater with the higher N-HA concentration
versus the lower concentration, this was not a marked increase and was not statistically

significant at all timepoints.

Material interference of the ELISA assay was evaluated using cell-free, material-only
negative controls. Similar to previous results with T-HA as detailed in section 5.3.1.2.2,
extremely low to non-detectable levels of IL-6 were seen throughout the study period
with N-HA. Whilst a low level of IL-8 was measured in the cell-free, material-only
negative control, levels were far below that of cell-containing conditions (figure
5.21B) and deemed not biologically significant in terms of impact of results of the

material toxicity testing.

Overall, the results suggests that N-HA in both concentrations did not induce a
significant pro-inflammatory effect from C20A4 cell line. However, in view of the
varied cell number between negative control and cells exposed to HA, as well as over
time, chemokine released per cell was calculated to aid further analysis in the next

section.

Regarding chemokine released per cell, there remained no statistically significant
difference between cells exposed to N-HA, in either concentration, versus negative
control at all timepoints (figure 5.22). Positive control with LPS was able to induce a
pro-inflammatory response with a marked rise in IL-6 and IL-8 release per cell. This

demonstrated that whilst C20A4 has the ability to mount a pro-inflammatory response,
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Figure 5.21 Pro-inflammatory effect of non-tyramine-substituted hyaluronic acid (N-HA) on C20A4 2D
monoculture over 21 days. Two N-HA concentrations were tested, denoted as 0.006g/ml (low) and 0.012g/ml
(high). IL-6 (A) and IL-8 (B) release were measured with ELISA. Negative control consisted of C2044 2D
monoculture without material exposure, termed ‘negative control — cells only’. Positive control was LPS 1ug/ml.
Material interference on assay was investigated with material treated to the same experimental conditions, termed
‘negative control — HA only’, which included both N-HA concentrations. Mean#SEM is presented. N=3.
Comparison between negative control and HA (low), HA (high) or positive control at each timepoint were denoted
by # and timepoint comparisons of each culture conditions by # Statistical significance is shown as: p<0.05 ##
p<0.01 ##/7#% p<0.001 *»#/77##and p<0.0001 »»#+/7##7

the exposure to N-HA at 0.006g/ml and 0.012g/ml concentrations did not elicit pro-

inflammatory effects as measured by IL-6 and IL-8 release.

In addition, whilst the difference in chemokine levels between high and low N-HA
concentrations was more apparent with chemokine per cell calculations, there was no
statistically significant difference between the two HA concentrations to indicate

superiority.

Time course comparison revealed the same findings as when total chemokine release
was considered. I.e. A significant rise in both chemokine released per cell was seen on
day 21, although IL-6 and IL-8 levels from C20A4 exposed to N-HA remained lower

than that seen in negative control.

Overall, the results indicate that exposure of N-HA against C20A4 did not induce a
pro-inflammatory response in the forms of IL-6 and IL-8 release. Whilst there is a
suggestion that the lower concentration of HA produced lower levels of IL-8 released
per cell, this did not reach statistical significance. Therefore, comparison between

concentrations of N-HA did not show superiority.

215



A) B)
0.025 *  0.050-

0028 ok B
=0. =0.025-
20.015 *x xx  FF ok 3 1l [ ] ﬁgﬁ
Soo0104 TN T | ! £0.0107 |
£0.008 1 g 0.008-
8 0.006- 8 0.006-
8 0.004- Y I I'!;"_()_()04_
© © I
= 0.002- = 0.002- i III ' n |

0.000 T T ™ 2 |i l'l.|i n-li T 0-000 I.I-Ii iII"lli le.'I 1 1 I

1 2 3 5 7 14 21 1 2 3 §5 7 14 21
Days Days
[ Negative Control - Cells Only HA(low) [ HA(high) [ Positive Control (LPS)

Figure 5.22 Pro-inflammatory effect per cell of non-tyramine-substituted hyaluronic acid (N-HA) on C2044 2D
monoculture over 21 days. Two N-HA concentrations were tested, denoted as 0.006g/ml (low) and 0.012g/ml
(high). IL-6 (4) and IL-8 (B) release were measured with ELISA, and chemokine released per cell were calculated
relative to total cell number at each timepoint. Negative control consisted of C2044 2D monoculture without
material exposure, termed ‘negative control — cells only’. Positive control was LPS 1ug/ml. Mean#SEM is
presented. N=3. Comparison between negative control and HA (low), HA (high) or positive control at each
timepoint were denoted by * and timepoint comparisons of each culture conditions by # Statistical significance is
shown as: p<0.05 #/# p<0.01 #*#%## p<0.001 *=*/#77#and p<0.0001 **=#/777#.

5.3.2.2.2.3 Cell morphology

Cell densities of C20A4 exposed to N-HA were appreciably less than that in negative
control at each timepoint. This was quantified with the erythrosin B exclusion assay
but also demonstrated qualitatively with light microscopy images (figure 5.23).
Nonetheless, cell morphology of C20A4 exposed to N-HA at both concentrations was

maintained, albeit demonstrating lower rates of cell proliferation.

Regarding change over time with the negative control, to mimic the cell concentration
of the tissue-engineered construct, seeding density of C20A4 was relatively high,
yielding confluence on day 1. Peak cell density was reached on day 3, as seen on light
microscopy. This matched the trend seen with the erythrosin B exclusion assay for
total cell concentration (figure 5.20A). An appreciable reduction in cell density beyond
day 3 could be seen, likely a result of over-confluency of cells impacting cell

proliferation.
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Figure 5.23 Light microscopy of effect of non-tyramine-substituted hyaluronic acid (N-HA) on C2044 2D
monoculture over 21 days. Two N-HA concentrations were tested: 0.006g/ml (low) and 0.012g/ml (high). Negative
control constitutes C2044 2D culture without HA exposure. Scale bars represent 200pm.
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5.3.2.2.3 Section summary — material toxicity testing

Overall, HFF-1 and C20A4 exposed to N-HA at both concentrations did not display
cytotoxicity or pro-inflammatory response. N-HA is therefore suitable for use in the
advanced in vitro model for further testing of the nanocellulose-based hybrid bio-inks.
With regards to N-HA concentrations, there was no clear evidence to suggest
superiority. Although N-HA (low) was associated with greater cell proliferation as
assessed with the erythrosin B exclusion assay and light microscopy, this may be
secondary to the effects of media viscosity in a 2D culture system and is therefore not

conclusive of the low concentration offering an advantage in terms of material effects.

5.3.2.3 Cross-linkage time definition

Four bio-inks containing N-HA were subjected to cross-linkage time studies. The bio-
inks varied by N-HA concentrations (high and low), and the use of media or sterile

ddH>O as solvent for alginate and N-HA.

Determination of the minimum gelation time in silicon molds was conducted in the
same manner as in chapter 4 for ETC:Alginate bio-inks and section 5.3.1.4.1 for bio-
inks containing T-HA. This sought to determine the minimum cross-linker application
time to achieve gelation of the 100ul bio-ink in an 8mm wide silicon mold to produce

cross-linked hydrogel discs for use in the advanced in vitro model.

Subsequent rheological testing aimed to define the gel point (a rheologically defined
state at which viscoelastic liquid transitions to a viscoelastic solid, or vice versa), and
to undertake real-time monitoring of the storage modulus upon cross-linker
application. The latter provides information on the temporal evolution of a rheological
parameter of the bio-ink during cross-linkage. Through deeper understanding of the
material (bio-ink) behaviour, the aim is to select an optimal bio-ink formulation for the

triple component version bio-ink.
5.3.2.3.1 Determination of minimal gelation time in silicon molds

The results showed that bio-inks with higher N-HA concentration required longer
gelation time. Media as the solvent was also associated with longer gelation time

compared to ddH20, but showed less variability compared to bio-inks using T-HA
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(table 5.7). The minimum gelation time for the bio-ink ETC:Alginate:N-HA (low) in

media crosslinked with 0.1M CaCl, was 25 minutes.

In order to limit cross-linker application time, avoid osmotic cytotoxicity, and in view
of the lack of superiority between N-HA concentrations in material toxicity testing, the
triple component bio-ink using the low N-HA concentrations with media currently
stands as the optimal formulation to take forward. Further characterisation of the bio-
ink behaviour when exposed to 0.1M CaCl; will be examined next with rheological

testing.

Table 5.7 Summary of minimum cross-linkage duration (minutes) for triple component bio-inks
Nanocellulose:Alginate: Non-tyramine-substituted hyaluronic acid (N-HA) with cross-linker calcium chloride
(CaCly). Bio-inks tested consisted of tunicate-derived enzymatically pre-treated nanocellulose (ETC) and N-HA at
two concentrations (0.006g/ml - ‘low’ and 0.012g/ml - ‘high’). Bio-inks were cross-linked within silicon molds to
create Smm wide circular disc-shaped pellets of 100l bio-inks and 600l CaCl 0.1M. The minimum time required
for gelation was defined as reaching five consecutive complete gelation with no residual uncross-linked bio-ink.
Testing was conducted at 1 minute intervals.

Bio-inks Solvent for Alginate

Media Sterile ddH20
ETC:Alginate:N-HA (low) 25 19
ETC:Alginate:N-HA (high) 36 24

5.3.2.3.2 Rheological study of gelation of ETC:Alginate:N-HA bio-inks with
CaCl,

5.3.2.3.2.1 Gel point

Rheological studies initiated with attempts to define the gel point. As the gel point is
defined at the point of modulus crossover, this was not feasible with all four bio-inks
tested. As shown in figure 5.24, the storage moduli exceeded the loss moduli at time
zero, prior to cross-linker application. This indicates that the un-crosslinked bio-inks
were, in rheological terms, visco-elastic solids and therefore does not undergo the
liquid-to-solid transition. This result mirrored that of Nanocellulose:Alginate bio-inks
(section 4.3.4.2). As such, the next step was to further understand bio-ink behaviour
with oscillatory time sweep experiments for real-time monitoring with cross-linker

application.

219



5.3.2.3.2.2 Real-time monitoring of storage modulus during cross-linkage

Assessing times required to reach plateau and 50% of plateau of storage modulus (G’)
showed mostly comparable results amongst the four bio-inks tested, although greater
variance was seen in bio-inks made with media (figures 5.25 and 5.26). The time to
50% G’ plateau for ETC:Alginate:N-HA (high) in media was particularly short at 9
minutes compared to 32-36 minutes for other bio-inks. Likewise, the time to plateau
for ETC:Alginate:N-HA (low) in media was prolonged at 10 hours 36 minutes,

compared to 6 hours 8-39 minutes with other bio-ink formulations.

The results suggests that increased heterogeneity may be present with the use of higher
N-HA concentrations, as well as the use of media as solvent. The former was of lesser
consequence due to prior experimental testing supporting the move away from the use
of higher N-HA concentration to reduce cross-linker application time and the

associated cytotoxicity.

As to the bio-ink ETC:Alginate:N-HA (low) in media, material behaviour at 50%
plateau of G’ at 33 minutes of cross-linker application was reasonably consistent across
the three replicates. This was the more relevant material state as the cross-linker
application time is directly applicable to what would be used in the advanced in vitro
model. Whilst the variance at the plateau point for this bio-ink was high, the decision
was taken not to conduct further technical repeats as conclusion was adequately drawn

from the data and the result will not alter conclusions drawn.

Similar to bio-inks without HA as examined in chapter 4 (section 4.3.4.2), the rate of
change of G’ over time for the triple component bio-inks displayed a faster rate of
increase initially, which gradually slowed before reaching a plateau (figure 5.26).
Increased variance in G’ was observed in bio-inks reconstituted with media at 4 hours
and beyond, which was not seen in bio-inks reconstituted with ddH>O, or with all bio-
inks when exposed to cross-linker for under one hour. Whilst this may be of interest
for further research, for the purpose of this project, as the cross-linker application time
will be limited to the time required to achieve complete gelation to produce hydrogel
discs for use in the advanced in vifro model, the relevance of high variance with

prolonged cross-linker exposure was not directly applicable to this project.
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Figure 5.24 Oscillatory time sweeps of ETC:Alginate: Non-tyramine-substituted hyaluronic acid (N-HA) (media)
and ETC:Alginate:N-HA (ddH>0) bio-inks exposed to 0.IM calcium chloride (CaCly). All bio-inks tested
contained nanocellulose (ETC), alginate and N-HA. Concentrations of N-HA were 0.006g/ml (low, N-HA20) and
0.012g/ml (high, N-HA40). Alginate and N-HA were reconstituted in culture media (media) or sterile double-
distilled water (ddH>0). Four bio-inks tested were: A) ETC:Alginate:N-HA (low) in media, B) ETC:Alginate:N-HA
(high) in media, C) ETC:Alginate:N-HA (low) in ddH>O, and D) ETC:Alginate:N-HA (high) in ddH>O. Time sweeps
were conducted over 12 hours at 1Pa and 1Hz. Frequency sweeps were between 0.01-1Hz. Storage (G’) and loss
(G”) modulus were recorded at 3s intervals, and denoted in left and right columns respectively. N=3. Data
smoothing and visualisation was performed via the TRIOS software to permit preliminary analysis.
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Figure 5.25 Time to reach plateau and 50% plateau of storage modulus of ETC:Alginate: Non-tyramine-
substituted hyaluronic acid (N-HA)bio-inks. Dot plot of rheological time-sweep study comparing four bio-inks,
all cross-linked with 0.1M CaCl,. Bio-inks differ in two ways: i) two N-HA concentrations, denoted as low
(0.006g/ml) and high (0.012g/ml); and ii) solvent for alginate and N-HA in media or sterile double-distilled

water (ddH>0). Mean#SEM is described in text. N=3.
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Figure 5.26 Storage modulus of ETC: Alginate: Non-tyramine-substituted hyaluronic acid (N-HA) bio-inks over
time when exposed to 0.1M calcium chloride (CaCl). Gelation kinetics were studied using time-sweep test. Four
bio-inks were tested, which varied as follows: i) solvents for alginate and N-HA were media and sterile double-
distilled water (ddH20); ii) high (0.012g/ml) and low (0.006g/ml) concentration of N-HA. Storage modulus (G’)
was measured over time. Vertical dotted lines represent timepoints used in cross-linker toxicity testing, and
includes 5, 15, 30 minutes, 1 hour and 4 hours. Additional timepoints plotted, from left to right, include 50% G
plateau, G’ plateau, G’ plateau + 30minutes and G’ plateau + 1h. Mean£SEM is presented. N=3.
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Interestingly, bio-inks with higher N-HA concentration demonstrated opposite effects
in terms of G’ when reconstituted in ddH>O or media. For bio-inks reconstituted in
ddH20, G’ was greater in the bio-ink with the higher N-HA concentration. In contrast,
when reconstituted in media, G’ was higher in the bio-ink with the lower N-HA
concentration. This pattern was consistent over time, for over 8 hours of cross-linker
exposure. A potential cause of the observed difference may be the chemical and salt
content in media, and their impact on the ionic cross-linkage of the hydrogel. In
addition, a higher N-HA content is likely to alter Ca™ diffusion, necessary to effect the
gelation process. It was, however, unexpected that bio-inks with a lower N-HA content
had a higher G’, as is the case when reconstituted in media. With G’ being a physical
property parameter of the cross-linked hydrogel, this result emphasises the importance
to control for variables due to their potential effects on the physical properties of the

cross-linked bio-ink and potential downstream cellular effects.
5.3.2.3.3 Section summary — cross-linkage time definition

Overall, the gelation studies showed that using a lower N-HA concentration
necessitated a shorter exposure time to cross-linker. On the other hand, whilst
differences were elicited between bio-inks with varying N-HA contents and solvent
used, the material behaviour of all bio-inks exhibited a similar temporal profile when
exposed to 0.1M CaCl,. Examining the specific downstream effects as a result of such

differences was outside the remit of this project.

Given the parallel trends in material behaviour, it was concluded from this work that
the lower N-HA concentration will be used to enable shorter cross-linker exposure
time, and thereby limiting its associated adverse biological effects in terms of
cytotoxicity and pro-inflammatory effects. Furthermore, media was selected as the
solvent for alginate and N-HA for reasons discussed in chapter 4, namely to avoid the

effect of osmotic cytolysis.

5.3.2.4 Section summary — Non-tyramine-substituted hyaluronic acid

The introduction of the triple component bio-ink brought alongside an alternative form
of HA, N-HA. Material sterility and toxicity testing was both supportive of its use, for

up to 21 days. Further sterilisation steps were not necessary as N-HA was supplied
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sterile and sterility was confirmed in the microbial growth assay, despite a higher
variance on day 21. Material toxicity testing showed no adverse cytotoxic or pro-
inflammatory effects of N-HA against both the HFF-1 and C20A4 cell lines in 2D

monoculture for up to 21 days.

The biological data did not indicate a strong preference towards the high or low N-HA
concentrations. However, it was clear that the low N-HA concentration was associated
with a shorter gelation time from the cross-linkage time studies. Considering the time-
dependent toxicity profile of CaCly, it is preferable to keep cross-linker application
time to the minimum. As such, the adoption of the low N-HA concentration could be

recommended based on data from this section.
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5.4 Chapter Summary and Conclusion

This chapter sought to better understand the effects of HA, with respect to creating a
nanocellulose-based bio-ink inclusive of this native ECM substance. Testing was also
performed to support the creation of a cross-linked hydrogel for use in an advanced
3D in vitro model for testing of the finalised bio-ink formulations in a co-culture
model. Experimental studies followed the same systematic approach as adopted for the
assessment of nanocellulose and alginate (chapter 3 + 4). A summary of results and
conclusions drawn to take forward, referred to as recommendations, is shown in table

5.8.

The major findings in this chapter were the difficulty in harmonising the effects of
H>O: as a cross-linker, specifically between minimising adverse biological effects on
cells and its effectiveness as a cross-linker to achieve gelation. This directly led to
several key transitions in this chapter: 1) transition from a nanocellulose:T-HA bio-ink
to a triple component bio-ink incorporating alginate and cross-linked with CaCly; ii)
conversion to a non-tyramine-substituted HA (N-HA) for better biomimicry to avoid
unnecessary chemical modification; iii) the adoption of a sterile source of N-HA,
afforded due to the need for a new HA source. Along the same vein, although material
toxicity testing did not yield a strong contender between the high and low N-HA
concentrations, based on the premise of limiting cross-linker application duration and
associated cytotoxicity, it was concluded that the low N-HA concentration will be
taken forward for future work as it required shorter cross-linker application time.
Finally, for the creation of hydrogel discs for use in the advanced in vifro model, the
work from this chapter showed that the previously developed silicon molds used with
the Nanocellulose: Alginate bio-inks was also effective with the triple-component bio-

ink, albeit with a longer gelation time.

In summary, to achieve a nanocellulose-based bio-ink containing HA, based on both
biological and cross-linkage studies undertaken in this chapter, the final bio-ink
formulation was defined as ETC:Alginate:N-HA (low) in media. To create hydrogel
discs for use in the advanced 3D in vitro model, the bio-ink will be cross-linked with

0.1M CaCl, for 25 minutes in silicon molds.
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Table 5.8 Summary of chapter conclusions and take-on messages.

Conclusions

Tyramine-
substituted HA

Cross-linker effects - cytotoxicity + minimum gelation time:

e Significant time- and dose-dependent cytotoxic effects of 5-25mM H202
on HFF-1 in 2D culture, therefore unsuitable for use.

e Viability of HFF-1 preserved when exposed to 5-25uM H:0:, but failed
to achieve gelation at 24 hours, therefore also unsuitable.

¢ Dose range study of H202 (25uM — 5SmM) on gelation time confirmed lack
of appropriate concentration with satisfactory biological and gelation

effects, thereby excluding T-HA and H20xz for in vitro model.

Triple component
bio-ink

e Pilot testing of triple component bio-ink consisting of nanocellulose,
alginate and T-HA was successful in achieving gelation with 0.1M CaClx
within acceptable timeframe, leading to transition to this approach.

e Alternative sterile non-tyramine-substituted HA introduced to mimic

native human cartilage HA.

Non-tyramine-

substituted HA

Gelation studies to determine minimum cross-linkage time:

e Cross-linking time of ETC:Alginate:N-HA (low) bio-ink in media with
0.1M CaClz defined at 25 minutes.

e Low N-HA concentration selected for advanced in vitro model, based on
shorter cross-linker exposure time required and therefore reduced cytotoxic
effects from cross-linker.

Rheological studies:

e Pre-crosslinked ETC:Alginate:N-HA bio-ink held predominantly
viscoelastic solid properties and therefore gel point cannot be defined
rheologically, the same as bio-inks without HA.

e Comparison of media and ddH2O as solvents for alginate and HA, and
between high and low HA concentrations showed no significant difference

in gelation kinetics and storage modulus.

Recommendations

e HA to be used in final bio-ink formulations: sterile non-tyramine-substituted HA, at low

concentration (0.006g/ml) and reconstituted in media.

o Transition to triple component bio-ink (ETC:Alginate:N-HA (low) in media).

o In vitro model creation with silicon molds, in the same manner as bio-inks without HA.

e Cross-linking of ETC:Alginate:N-HA (low) bio-ink in media with 0.1M CacClz for 25 min.
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Chapter 6: Advanced 3D in vitro model for bio-ink toxicity

testing
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6.1 Introduction

This chapter addresses the thesis aim of assessing the cytotoxic and pro-inflammatory
effects of nanocellulose-based bio-inks intended for cartilage 3D bio-printing. This
chapter builds upon results from the preceding chapters (chapters 3, 4, 5), namely, the
refinement of bio-ink formulations and the development of advanced 3D in vitro
models. Two bio-inks for testing were defined from chapter 4 and 5, ETC:Alginate in
media and ETC:Alginate:N-HA (low) in media, respectively. Regarding the advanced
3D in vitro models, there is a chondrocyte-encapsulated monoculture model to
investigate cell-material interactions. A co-culture model, consisting of chondrocyte-
encapsulation coupled with surface-seeding with dermal fibroblast, to mimic the
surgically implanted cartilage tissue engineered implant in vivo. To supplement the co-
culture model, a fibroblast mono-culture model was created to understand the material-
host interaction and the contribution of fibroblast to the co-culture system. An SOP
was developed for the creation of the optimised bio-inks and the advanced 3D in vitro

models, and this is presented in appendix 1.

Conventional 2D culture benefits from higher reproducibility, lower cost and relative
ease of endpoint analysis. However, they are limited by the absence of a biomimetic
3D cell environment with resultant altered cell-to-cell connectivity, cell polarity and
gene and protein expression profiles, in turn negatively impacting their predictability
as a model for testing of therapeutic products. Commonly used 3D cultures, in the
context of tissue engineering, often lacks multi-cellular representation to mimic the in
vivo scenario. In contrast, increasing numbers of advanced 3D co-culture models, such
as those applied for the study of cancer therapies, incorporates fibroblast in recognition
of its structural influences with ECM deposition, and paracrine effects on cell growth,
migration and the metabolic and immune profile of the local tissue
microenvironment?#3%, Fibroblast is a key cell type relevant in wound healing and
the foreign body reaction, and its inclusion in the co-culture model aims to address this

gap in current efforts within the field of tissue engineering.

The overall objective of developing and applying advanced 3D in vitro co-culture
systems is to better select optimal material and processes during product development,
with clinical translation in mind. This is important because drug and medicinal therapy

development is extremely resource-intensive with a high attrition rate. The availability
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of clinically relevant advanced 3D in vitro models bridges the gap between 2D culture
models and in vivo studies. Thus, offering species-specific biological testing, in line
with the 3R’s movement and the concept of Safe-by-Design by reducing the amount
of animal studies required, and taking into consideration biological safety data during

product development, respectively.
The aims of this chapter were:

i) To establish the cytotoxic and pro-inflammatory effects of bio-inks
ETC:Alginate in media, and ETC:Alginate:N-HA (low) in media against HFF-
1 and C20A4 cell lines.

i1) To identify the optimal nanocellulose-based bio-ink formulation for cartilage
tissue engineering based on biological evaluation.

Both aims were met via the objective below:

1. To assess the cytotoxicity and pro-inflammatory response of HFF-1 and C20A4
in advanced 3D in vitro monocultures and co-culture models when exposed to

nanocellulose-based bio-inks.
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6.2 Methods

The advanced 3D in vitro models were created in accordance with the SOP (appendix
1). Figure 6.1 illustrates the parameters of the cytotoxicity and pro-inflammatory
response studies, including the two bio-inks tested, the investigations and cellular
system applied (chondrocyte and fibroblast monocultures + co-culture). There were
seven timepoints over 21 days, the same as with material toxicity testing (chapter 3 -
5). In concordance with past material toxicity testing and to permit joint data
interpretation, media exchange was performed in the same manner with 500ul
exchange on day 7 and day 14 (section 2.13). Therefore, supernatant-based assays,
which includes the LDH assay and ELISA, used a dilution factor of 2 and 4 for day 14
and day 21, respectively. As described in section 2.13, the negative control for each
assay was 2D cell culture devoid of bio-ink material. Material interference was
accounted for with a material only, cell-free control created in the same manner as
described in the SOP and subjected to the same experimental culture conditions.
Positive control for cytotoxicity was 0.1% Triton X-100, which was performed with

the live/dead staining, and for pro-inflammatory effects, 1pg/ml LPS was used. To

Cytotoxicity and
pro-inflammatory response

Day 1 2 3 5 7 14 21

e Bio-inks: e Alamar blue
ETC:Alginate in media e Lactate dehydrogenase
ETC:Alginate:N-HA assay
(low) in media e Live/dead stain

o IL-6
o IL-8
HFF1 @® C20A4

Figure 6.1 Schematic of chapter 6 workflow. Assessment of cytotoxicity and pro-inflammatory responses with
chondrocyte and fibroblast in 3D monoculture and co-culture systems. Created with biorender.com.
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address chapter aim (ii), direct comparison of quantitative endpoint testing between

the two bio-inks was also performed.
6.2.1 Alamar blue assay

The alamar blue assay uses cellular metabolic activity as a measure of cell proliferation
and cytotoxicity. As a non-toxic form of similar metabolism-based assays (e.g. MTT
assay), the alamar blue assay has been widely adopted since its introduction in 199331,
The principle of the assay is the colour change that the blue, non-fluorescent resazurin
undergoes when it is taken up into the cytosol of live cells and reduced to the red and
highly fluorescent resorufin. The conversion of resazurin to resofurin is measured by
absorbance or fluorescence, whereby the intensity of colour or fluorescence denotes
the amount of metabolic activity within the cell population. Therefore, with no
standard unit of measure for absorbance or fluorescence intensity, it is the relative
change in absorbance or fluorescence values that infers the degree of cell viability or
proliferation. The latter is often shown as the relative fluorescent unit (RFU),
calculated against the negative control (cells devoid of chemical exposure).
Fluorescence reading was selected in this study over colorimetric change as it confers

greater sensitivity3°!.

The procedure for the assay was conducted with shielding from direct light due to light
sensitivity of the alamar blue reagent. The alamar blue reagent was pre-warmed to
room temperature prior to use. The staining solution was prepared at the ratio of 1:9
of alamar blue reagent and culture media (e.g. 100ul alamar blue reagent with 900ul
culture media). Prior to adding the staining solution to samples, culture media in each
24 well plate wells were removed, and samples subjected to a wash step with 1ml of
PBS per sample. The staining solution was then added to each sample (1ml per sample)
and incubated for 3 hours at 37°C. Fluorescence was read following transfer of 100ul
of staining solution to black 96 well plates. With fluorescence readings, black
microplates were used instead of transparent plates to minimise signal interference
from adjacent wells. Three reading replicas were performed per sample, and the
excitation and emission settings were 544nm and 590nm respectively. The
fluorescence unit (FU) for each sample was calculated by averaging the three reading

replicas and subtracting the mean of FU of blank wells.
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With advanced 3D in vitro models, the negative controls consisted of 2D monocultures
of HFF-1 and C20A4 without bio-ink exposure. However, due to the inherent
differences between 2D v 3D culture, they were not directly comparable. Therefore,
the relative fluorescence unit (RFU) is calculated against the fluorescence value of day
1 using equation 6.1. The lack of a reference material with known cytotoxic and pro-
inflammatory profile that could act as a control scaffold to support 3D culture for
comparison against the bio-ink is a common challenge in this context. Nonetheless,
the 2D cell culture (negative control) provides an indication of cell behaviour over the
study period. A 2D co-culture model was not performed, however, as it was deemed
physiologically less relevant and therefore would not yield clinically relevant result.
Material interference on the assay was accounted for using material-only, cell-free
hydrogel discs, subjected to the same experimental conditions as the cultured models.
Although the alamar blue reagent is considered non-toxic and marketed as permissive
for longitudinal studies, the impact of retained Alamar blue reagent in the 3D system
is unquantified. Therefore, a separate model was prepared for each timepoint. The
study was conducted with biological triplicates.

FU of samples (day2-21)
FU of sample (day 1)

x 100

Equation 6-1 Relative Fluorescence Unit (RFU) =

6.2.2 Lactate dehydrogenase assay
Methodology for the LDH assay was previously described in section 2.9.
6.2.3 Live/dead staining

Live/dead staining of samples was performed for the qualitative assessment of
cytotoxicity using a commercial kit. The principle of the assay involves simultaneous
staining of cells with calcein acetoxy-methyl-ester (calcein AM) and ethidium
homodimer-1 (EthD-1)3%2. The non-fluorescent calcein AM permeates live cells, and
is converted to the green fluorescent calcein by intracellular esterase activities, thereby

selectively staining live cells green.

Conversely, EthD-1 is impermeable to live cells with intact cell membrane. EthD-1
permeates dead cells, upon which it binds to nucleic acid and produce a red

fluorescence and staining dead cells (and cells with damaged cell membranes) red. All
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procedures were performed with protection from direct light. The assay reagents were
thawed to room temperature and previously optimised concentrations were used
(performed by the research group — unpublished data). Both reagents were diluted in
PBS to create the dye solution, at concentrations of 2ul/ml for calcein AM and 4ul/ml
for EthD-1. For sample preparation, culture media which contained serum esterases
was removed. Samples were subjected to three wash steps (Iml PBS per wash cycle
per sample). Dye solution was added to the washed samples (600ul per sample per
well) and incubated for 30 minutes at room temperature as per manufacturer’s
guidance. All procedural steps described thus far were performed in the tissue culture
hood, following which, steps were performed in the standard laboratory bench.
Following incubation, the dye solution was removed, and samples again washed with
three cycles of PBS (1ml per wash cycle per sample). Samples were protected from
light with foil, kept submerged in Iml PBS to avoid desiccation and transferred
immediately onto histology slides for imaging under the fluorescence microscope. The
excitation and emission wavelength for aalcein AM and EthD-1 were 495/515nm and
495/632nm, respectively. Three biological replicates were performed, with three field

of views taken per sample. Representative images are shown.
6.2.4 ELISA

The ELISA was used to quantify IL-6 and IL-8. Its methodology was previously

described in section 2.8.3.

233



6.3 Results and Discussion
6.3.1 Cytotoxicity

Cytotoxicity was assessed quantitatively with the alamar blue assay and the LDH

assay. This was complemented by live/dead staining of the models.
6.3.1.1 Alamar blue assay

The fluorescence intensity (FU) and RFU relative to day 1 are shown in figure 6.2 and
6.3, respectively. Overall, 2D culture displayed trends in cell proliferation and
cytotoxicity in line with cell line characterisation (section 2.8.5). HFF-1 showed a
rising trend of FU and RFU between day 1 and day 14 reflecting cell proliferation,
which was statistically significant on day 7 and day 14 for FU readings, and day 14 for
RFU. Both analyses showed a reduction in FU and RFU on day 21, reflective of over-

confluence and a decline in cell viability and live cell numbers.

Similarly, the negative control for C20A4 in 2D culture showed similar cell
proliferation and viability trends as in cell line characterisation. Due to the initial high
seeding density to mimic the cell number within the advanced 3D in vitro model, cell
confluence was reached sooner than with HFF-1. Both FU and RFU demonstrated a
rising trend between day 1 and day 3, a plateau between day 3 and 5, and a gradual
decline from day 7 onwards, with statistical significance reached at varying timepoints
as shown in figure 6.2 and 6.3. As noted in the cell line characterisation, the decline in
cell number and viability was due to over-confluence. Interestingly, the auto-
detachment of the chondrocyte cell sheet did not occur in this experimental set-up.
This was most likely a result of the altered culture medium exchange regime. With a
relative rationing of nutrients, cell proliferation in this study was inhibited relative to
conditions during cell line characterisation. As such, the threshold for cell sheet

detachment was not reached.

In terms of bio-ink comparisons in the advanced 3D in vitro models, FU was overall
lower with HFF-1 than with C20A4 or the co-culture model due to a significantly
lower seeding density and therefore cell numbers. Cell proliferation was seen with
HFF-1 in the acute timeframe, with a rise in FU and RFU between day 1 and 7. This

rise peaked sooner on day 5 with the bio-ink containing HA, compared to day 7 for the
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Figure 6.2 Alamar blue assay on chondrocyte (C20A44) and fibroblast (HFF-1) in 2D monocultures and 3D
mono- and co-culture systems over 21 days. Bio-inks tested in 3D systems were ETC:Alginate and
ETC:Alginate: Hyaluronic Acid(HA). Top, middle and bottom rows are of fibroblast, chondrocyte and co-culture of
both cell types, respectively. Mean£SEM of fluorescence intensity are represented. N=3. Statistical significance of
timepoint comparisons against day 1 denoted by * (p<0.05 # p<0.01 #%).

bio-ink without HA. This suggests that HA is supportive of fibroblast proliferation.
However, beyond this peak, the metabolic activity from HFF-1 in the monoculture
settings declined to varying degrees with both bio-inks, although it is beyond the remit

of this study to ascertain the cause of this.

With the C20A4 monoculture 3D model, increasing cellular metabolic activity was
observed with both bio-inks. A statistically significant rise in FU was reached, sooner
with the bio-ink containing HA on day 14, followed by with the bio-ink without HA
on day 21 (figure 6.2). This is reflected similarly when presented in RFU, with a
statistically significant rise in RFU on day 14 with the bio-ink containing HA. This
result is consistent with previous studies that showed that the bio-ink consisting of
nanocellulose and HA supported chondrogenicity to a greater degree than bio-inks
containing nanocellulose and alginate (unpublished data). The study here differs in that

both bio-ink tested contained alginate.
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Figure 6.3 Relative fluorescent unit (RFU) of alamar blue assay on chondrocyte and fibroblast in 2D
monocultures and 3D mono- and co-culture systems over 21 days. Bio-inks tested in 3D systems were
ETC:Alginate and ETC:Alginate: Hyaluronic Acid(HA). RFU were calculated relative to fluorescence intensity
value on day 1. Top, middle and bottom rows are of fibroblast, chondrocyte and co-culture of both cell types,
respectively. Mean£SEM of RFU are represented. N=3. Statistical significance of timepoint comparisons against
RFU on day 2 denoted by * (p<0.05 # p<0.01 *# p<0.001 #**).

Interestingly, the co-culture model showed an earlier rise in RFU coupled with
marginally lower FU levels when compared to the C20A4 3D monoculture. This
indicates that whilst cell proliferation occurred at a faster rate initially in the co-culture
model, the overall cellular metabolic activity of the system over the period of 21 days
remained less than that of the C20A4 3D monoculture system. Whilst the exact
mechanism for the difference observed cannot be defined at this point, the data
suggests that there is a degree of cellular cross-talk, and the presence of fibroblast

influenced the C20A4 proliferation profile with both bio-inks.

The impact of the bio-ink material on the assay was tested with the cell-free material-
only negative control, conducted for all 3D systems. Fluorescence intensity measured
was overall low. There was no statistically significant difference across all timepoints

with both bio-inks for FU and RFU, reflecting no significant change over time. This
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indicates that prolonged culture of the cross-linked bio-ink did not enhance material

interference on the assay.
6.3.1.2 Lactate dehydrogenase assay

Considering firstly the cytotoxicity profile in the 2D negative controls, there was a
statistically significant rise in LDH on day 21 with both HFF-1 and C20A4. This is
concurrent to a reduction in RFU in both cell lines at the same timepoint. Taken
together, along with cell line characterisation data (section 2.8.5), the findings all
reflect cytotoxicity at the latter timepoint due to over-confluence. The rise in LDH,
however, precedes the decline in cellular metabolic activity measured in the Alamar
blue assay, reflecting the presence of cellular dysfunction at earlier timepoints. This
demonstrates the benefit and recommended practice of incorporating at least two

assessment method for each toxicity endpoint3?3.

With the LDH assay, material interference was relatively more apparent compared with
the alamar blue assay. LDH levels in the cell-free bio-ink only material controls were
notable on day 14 and day 21, whilst remaining detectable at lower levels at earlier

timepoints (figure 6.4). Its relevance is discussed below with each in vitro model.

In the case of the HFF-1 3D monocultures, the levels of LDH from the exposure
conditions were comparable to the cell-free control. Therefore, it was concluded that
no significant cytotoxicity was observed in the HFF-1 monoculture model over the 21-
day period. Nonetheless, FU and RFU in the 3D model was reduced at the chronic
timepoints compared to day 5 indicating a reduced level of cellular metabolic activity
in the systems, which warrants caution in data interpretation and potentially further

investigation for future model applications.

On the other hand, a statistically significant rise in LDH on day 21 was noted across
both the C20A4 monoculture and co-culture 3D systems, with both bio-inks. Despite
a greater degree of material interference on the assay on day 21, the levels of LDH
measured in the cellular were interpretated as indicative of cytotoxicity on day 21 for
both models and bio-inks. The greatest degree of cytotoxicity on day 21 was with the
bio-ink ETC:Alginate in media tested in the co-culture system. Taken together, with

the superior cell proliferation profile seen with the bio-ink containing HA with the
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Figure 6.4 Lactate dehydrogenase assay on chondrocyte (C20A4) and fibroblast (HFF1) in 2D monocultures
and 3D mono- and co-culture systems over 21 days. Bio-inks tested in 3D systems were ETC:Alginate and
ETC:Alginate: Hyaluronic Acid(HA). Top, middle and bottom rows are of fibroblast, chondrocyte and co-culture of
both cell types, respectively. Mean#SEM are represented (n=3). Statistical significance of timepoint comparisons
against day 1: of 3D cellular systems denoted by * and of material only negative control by #(p<0.05 ## p<0.01
##/774 p<0.001 ###/774% p<0.0001 #**/777%).

B Material + Cells (3D)

Fibroblast

alamar blue assay, the bio-ink ETC:Alginate:N-HA (low) in media was found to be

superior in terms of cytotoxicity.

Furthermore, differences were observed in the trends and levels of LDH measured over
time between the C20A4 monoculture and co-culture 3D models, and with both bio-
inks. Although the differences were less marked compared with the alamar blue assay,
nonetheless, the differences indicate varied cell behaviour and response in both cellular
systems, which signifies cell-to-cell interaction between the chondrocyte and
fibroblast in the co-culture system. This illustrates the merit of the co-culture model in
the context of creating an advanced 3D in vitro model aimed at understanding the

biological impact of nanocellulose-based bio-inks for tissue engineering purposes.

In terms of model development, the heightened LDH levels on day 21 could indicate

model limitation, which would benefit from further characterisation and development.
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On the other hand, chondrocytes were seeded at 3x10° cells/ml, which was considered
at the lower end of the spectrum of seeding densities of bio-inks intended for cartilage
tissue engineering in the literature (section 2.8.5.2). A relatively high chondrocyte
density is considered desirable due to the dependence on chondrocyte proliferation and
ECM production to enhance the mechanical properties of the tissue engineered
implant. There is currently a lack of consensus regarding the superiority between ex
vivo cell expansion and pre-seeding implants with the desired number of chondrocytes,
versus post-implant fabrication cultivation in a bioreactor to achieve the desired
implant characteristics®®* 3%, This is in part due to challenges with chondrocyte
dedifferentiation and loss of functionality during ex vivo expansion, and the volume
required to populate a full-size cartilage implant for human application. Furthermore,
the tissue engineered implant is intended to last the lifetime of the recipient, and
crucially maintaining its form (shape) when used for facial reconstruction. As such, it
is of great interest to further our understanding of the cellular behaviour and
proliferation profile in the long term, for which the advanced 3D in vitro co-culture

model could be further characterised and developed for this purpose.
6.3.1.3 Live/dead staining

Live/dead staining was conducted permitting both qualitative assessment of
cytotoxicity and visualisation of live and dead cells in the advanced 3D in vitro models.
The findings from live/dead staining of 2D mono-cultures of HFF-1 and C20A4, which
served as negative control of the advanced 3D in vitro models (i.e. without bio-ink
exposure) were in line with both cell line characterisation and the alamar blue and
LDH assays (figure 6.5). HFF-1 demonstrated cell proliferation over time, with
increasing confluency observed. A greater number of dead cells was seen on day 21
with HFF-1, reflecting findings of the LDH assay. As for C20A4, cell confluency was
seen from day 1, as with cell line characterisation. This was associated with a relatively
greater number of dead cells at earlier timepoints. Nonetheless, a general trend of
increasing number of dead cells was seen with the C20A4 cell line. Although the 2D
cultures tolerated the augmented culture media exchange regime without cell sheet
auto-detachment, which occurred during cell line characterisation, it did not tolerate
the multiple wash steps very well for the live/dead staining procedure. As such, the

live/dead staining showed evidence of the partial lifting of the C20A4 cell sheet.
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Figure 6.5 Live/dead staining of human dermal fibroblast (HFF-1) and human chondrocyte (C20A44) cell lines
in 2D cultures over 21 days. Cell culture without bio-ink exposure served as negative control for toxicity testing of

bio-inks. Live/dead staining was conducted with calcein AM and ethidium homodimer-1 which stains live and dead
cells fluorescent green and red, respectively. Scale bars represent 100um.

As for the advanced 3D in vitro models, the results were broadly in keeping with the
findings of the alamar blue and LDH assay. The seeding density discrepancy between
HFF-1 and C20A4 was apparent during visualisation, with a much lower number of
live fibroblasts seen on day 1 and throughout the study period (figure 6.6 and 6.7).
Whilst an overall increase in live cell numbers could be appreciated between day 1 and
7 with HFF-1, the live cell number or density appeared relatively static with the C20A4
monoculture and co-culture models. The trends in cellular metabolic activity, and the

differences seen between bio-inks or between systems were less apparent with the live/
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Figure 6.6 Live/dead staining of advanced 3D in vitro models of human dermal fibroblast (HFF-1) and human
chondrocyte (C20A4) mono- and co-culture with bio-ink ETC:Alginate in media. A nanocellulose-based bio-ink,
consisting of enzymatically pre-treated nanocellulose fibrils (ETC) and alginate reconstituted in media, was used
to create the advanced 3D in vitro models. Three models were tested over 21 days: surface-seeded fibroblast (lefi),
chondrocyte-encapsulated (mid) and co-culture of both surface-seeded fibroblast and chondrocyte encapsulation
(vight). Live/dead staining was conducted with calcein AM and ethidium homodimer-1, which stain live and dead
cells fluorescent green and red, respectively. Scale bars represent 100um.

dead staining. Indeed, a relative reduction in cell numbers, both live and dead, was
noted at the chronic timepoints (day 14 and day 21) with the live/dead staining. This
produced a seemingly conflicting results when compared with the alamar blue and
LDH assay. However, this may be due to alterations in the diffusion of the live/dead
staining solution across the 8mm 100ul seeded hydrogel discs. ECM production by
chondrocytes, and to a lesser extent by fibroblasts, may have hindered the efficacy of

the live/dead staining solution. It was noted that the live/dead staining was effective

241



HFF-1 " C20A4 " Co-culture
Live Dead Live Dead Live Dead

Fibroblast F Chondrocyte

D14

D21

Figure 6.7 Live/dead staining of advanced 3D in vitro models of human dermal fibroblast (HFF-1) and human
chondrocyte (C2044) mono- and co-culture with bio-ink ETC:Alginate:N-HA (low) in media. A nanocellulose-
based bio-ink, consisting of enzymatically pre-treated nanocellulose fibrils (ETC), alginate and non-tyramine-
substituted hyaluronic acid (N-HA) at low concentration (6mg/ml) reconstituted in media, was used to create the
advanced 3D in vitro models. Three models were tested over 21 days: surface-seeded fibroblast (left), chondrocyte-
encapsulated (mid) and co-culture of both surface-seeded fibroblast and chondrocyte encapsulation (right).
Live/dead staining was conducted with calcein AM and ethidium homodimer-1, which stain live and dead cells
fluorescent green and red, respectively. Scale bars represent 100um.

on the 2D cell cultures at day 21. Therefore, future application of live/dead staining
for the advanced 3D in vitro model will require optimisation. As the incubation period
for the staining solution (3 hours) was near the upper end of the manufacturer’s
guidance (30 minutes to 4 hours), other variables for optimisation could include

reagent concentration, incubation duration and temperature.
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Figure 6.8 Live/dead staining of negative and positive controls of advanced 3D in vitro models of human dermal
fibroblast (HFF-1) and human chondrocyte (C2044) mono- and co-culture. Twwo nanocellulose-based bio-inks
were tested: ETC:Alginate in media (consisted of enzymatically pre-treated nanocellulose fibrils (ETC) and
alginate), and ETC:Alginate:N-HA (low) in media (consisted of ETC, alginate and non-tyramine-substituted
hyaluronic acid (N-HA) at low concentration (6mg/ml)), both reconstituted in media. Three models were tested:
surface-seeded fibroblast (left), chondrocyte-encapsulated (mid) and co-culture of both surface-seeded fibroblast
and chondrocyte encapsulation (right). Live/dead staining was conducted with calcein AM and ethidium
homodimer-1, which stain live and dead cells fluorescent green and red, respectively. Scale bars represent 100um.
Positive control was 0.1% Triton X-100. (4) represents a cell-free material only negative control. (B) represents
cell-based systems controls. 2D positive controls refers to 2D cell culture without bio-ink exposure. Positive
controls for all three 3D mono- and co-culture models, made with both bio-inks, are shown.

Lastly, positive and negative controls with regards to the live/dead staining were
reviewed. Cell-free material only controls did not show false positive results (figure
6.8A). Regarding positive control, 0.1% Triton X-100 was effective in achieve 100%
cytotoxicity, with no live cells seen in both 2D monocultures, and all 3D cellular
models with both bio-inks, across all three cellular systems, and at all timepoints. As
the results of all positive and negative material controls were consistent, singular

representative images are shown.
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6.3.1.4 Comparison of bio-inks for cytotoxicity

To address the chapter aim (ii) of identifying the optimal bio-ink formulation for
cartilage tissue engineering, figure 6.9 aims to facilitate the comparison between the
two bio-inks. It presents the same dataset illustrated in figures 6.2, 6.3 and 6.4, but for

the purpose of simplicity, negative controls are not shown.

The bio-ink containing HA was associated with higher measures of FU and RFU in
most part, indicating that this bio-ink enhanced cell proliferation with greater cell
metabolic activity measured. A notable exception was with the HFF-1 3D monoculture
on day 7, although greater variance was present. Nonetheless, the RFU associated with
the bio-ink containing HA in the co-culture system was significantly greater than that

of the bio-ink without HA at all timepoints, supporting the conclusion drawn above.
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Figure 6.9 Comparison of bio-inks ETC:Alginate and ETC:Alginate:HA on alamar blue and lactate
dehydrogenase assay in 3D chondrocyte and fibroblast mono- and co-culture systems over 21 days. Top, middle
and bottom rows are of fibroblast, chondrocyte and co-culture of both cell types, respectively. Mean#SEM are
represented. N=3. Statistical significance of comparisons between bio-inks at each timepoint are denoted by *
(p<0.05 * p<0.01 *%).
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The LDH levels however were comparable between the two bio-inks, except for day

21 in the co-culture system, although increased variance was noted also.

Overall, based on the cytotoxicity data from the alamar blue assay, the LDH assay and
live/dead staining, the nanocellulose-based bio-ink containing both alginate and HA
was deemed superior in terms of enhanced cell proliferation and non-inferiority in
terms of cytotoxicity. This was in line with previous studies which showed that HA
was supportive of chondrogenicity (unpublished data). There was also an indication of
cellular cross-talk in the co-culture model, with a relative but low level of inhibition
of cell metabolic activities. In conclusion, the bio-ink ETC:Alginate:N-HA (low) in
media was recommended to be taken forward for further testing based on cytotoxicity

assessment.
6.3.2 Pro-inflammatory response
6.3.2.1 Interleukin-6

Both cell types in the 2D negative controls were activated with statistically
significantly elevated IL-6 levels measured at the chronic timepoints (day 14 and day
21) (figure 6.10A). This is likely secondary to over-confluence, as identified during
cell line characterisation and with concurrent cytotoxicity. Of note, the culture media
exchange regime was augmented in this study to mimic the experimental conditions
during material toxicity testing. HFF-1 was relatively more tolerant of this change
compared to C20A4, with C20A4 demonstrating higher levels of IL-6 release
compared with cell line characterisation. As commented in the cytotoxicity assays, the
auto-detachment of the C20A4 cell sheet did not occur with the augmented media
exchange conditions, although cells showed a heightened pro-inflammatory state in

2D culture conditions.

In 3D conditions, IL-6 was non-detectable in the HFF-1 monoculture system with both
bio-inks at all timepoints, except for the positive control with the bio-ink without HA
on day 21. It could be considered that HFF-1 was not activated as tested within the
advanced 3D in vitro model when exposed to either bio-ink, although caution is taken
given the relatively low seeding density. Nonetheless, a pro-inflammatory response
was witnessed on day 21 with the bio-ink ETC:Alginate in media when cells were

further stimulated with LPS in the positive control.
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As for chondrocytes, a pro-inflammatory response was detected with heightened IL-6
release in both the monoculture and co-culture 3D systems on day 14 and day 21. The
most marked rise was seen with the bio-ink without HA when tested in the co-culture
model, although statistically significant increases in IL-6 were found with both bio-
inks in both mono- and co-culture systems (figure 6.10B). Differences in the levels
and trends of IL-6 release over time across the two bio-inks and the C20A4
monoculture and co-culture systems were more apparent, when compared to the
cytotoxic assays (alamar blue and LDH assay). Again, this indicates varied cellular
response to both bio-inks, and to the same bio-ink but when cultured in a mono-culture

versus co-culture system.

Interestingly, in the co-culture model, IL-6 release on day 14 and day 21 was markedly
less with the bio-ink containing HA than the bio-ink without. This is despite a slightly
higher fluorescence intensity measured in the alamar blue assay. This suggests that
despite heightened cell proliferation in the bio-ink containing HA, cells were not as
strongly activated into a pro-inflammatory state as with the bio-ink without HA.
Furthermore, when considering the bio-ink containing HA, the levels of IL-6 were less
in the co-culture model than in the monoculture model, indicating the influence of the

fibroblast with cell-to-cell interactions.

Material interference on the assay was deemed negligible with extremely low to non-

detectable levels of IL-6 with the material only control throughout the study period.
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Figure 6.10 Interleukin-6 release by chondrocyte and fibroblast in 2D monocultures and 3D mono- and co-
cultures over 21 days. (A) represents 2D cell only negative controls consisting of monocultures of HFF-1 (left) and
C20A44 (right). (B) represents bio-inks tested in 3D systems. Two bio-inks tested were ETC(nanocellulose):Alginate
in media and ETC:Alginate: Non-tyramine substituted hyaluronic Acid (N-HA) (low) in media. Top, middle and
bottom rows are of fibroblast, chondrocyte and co-culture of both cell types, respectively. IL-6 release was measured
with ELISA and the mean£SEM are represented. N=3. Positive control was 1ug/ml LPS. Statistical significance of
timepoint comparisons against day 1: of 3D cellular systems denoted by * and of positive controls (LPS) by #
(p<0.05 #/# p<0.01 *#/#7 p<0.001 #*+/777 p<0.0001 **#+/77#7).
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6.3.2.2 Interleukin-8

In parallel with IL-6 release profile in the 2D negative controls, IL-8 release by both
HFF-1 and C20A4 in negative controls rose over time with statistically significant
increases on day 14 and day 21 (figure 6.11A). When compared with cell line
characterisation (section 2.8.5), IL-8 levels were comparable until day 21 with HFF-1
and day 14 with C20A4 where levels in the current study exceeded that seen in cell
line characterisation. This suggests that both cell types were activated into a pro-
inflammatory state at the chronic timepoints in 2D cultures with the augmented media

exchange regime.

With the 3D in vitro models, an increasing trend of IL-8 release over time was observed
across all three cellular systems and with both bio-inks (figure 6.11B). The greatest
increase was with the bio-ink containing HA in the C20A4 monoculture system on day
14. The peak in IL-8 in systems containing C20A4 showed a lag in bio-inks without
HA, reaching the peak on day 21, versus on day 14 with bio-inks containing HA. This
may be explained by the slower cell proliferation observed with HA-free bio-inks, and
therefore a delay in reaching a state of activation if this was due to over-confluence.
Also, with the bio-ink containing HA, the presence of fibroblast appeared to have
augmented the pro-inflammatory response detected within the co-culture system with
lower levels of IL-8 when compared to the C20A4 mono-culture system. Interestingly,

this was not the case with the bio-ink consisting of nanocellulose and alginate only.

Finally, as with IL-6, whilst material interference with the ELISA was detected with
IL-8 using the cell-free material-only control, the levels of IL-8 were relatively low.
This was despite a time-dependent rise with the material control over the 21 days.
Overall, the low level of material intereference detected did not affect interpretation of

the assay.
6.3.2.3 Comparison of bio-inks for pro-inflammatory effect

Along the same vein as section 6.3.1.4, the pro-inflammatory effect of the two bio-
inks is compared directly in figure 6.12. It is the same dataset as shown in figure 6.10

and 6.11, but the negative and positive controls are not shown.

Overall, the IL-6 and IL-8 release profiles were comparable between the two bio-inks

across all three cellular 3D systems, with no statistically significant difference
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detected. A divergence in the pro-inflammatory status was seen on day 14 between the
two bio-inks. Higher levels of IL-6 and IL-8 levels were measured with the bio-ink
containing HA, despite taking into account the greater variance seen on day 14.
Nonetheless, on day 21, the pro-inflammatory effects between the two bio-inks
returned to similar levels. This was the case except with IL-6 measured in the co-

culture system with the bio-ink without HA.

In conclusion, the data indicates that on day 14, the bio-ink containing HA was
associated with cell activation with heightened levels of IL-8, in conjunction with
greater levels cell proliferation as measured with the alamar blue assay. However, this
effect was not sustained, and on day 21, the pro-inflammatory response induced by

both bio-inks were indistinct and superiority between the bio-inks cannot be conferred.
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Figure 6.11 Interleukin-8 release by chondrocyte and fibroblast in 2D monocultures and 3D mono- and co-
cultures over 21 days. (A) represents 2D cell only negative controls consisting of monocultures of HFF-1 (left) and
C20A44 (right). (B) represents bio-inks tested in 3D systems. Two bio-inks tested were ETC(nanocellulose):Alginate
in media (left) and ETC:Alginate: Non-tyramine substituted hyaluronic Acid (N-HA) (low) in media (vight). Top,
middle and bottom rows are of fibroblast, chondrocyte and co-culture of both cell types, respectively. IL-8 release
was quantified with ELISA. MeanZSEM are represented. N=3. Positive control was 1ug/ml LPS. Statistical
significance of timepoint comparisons against day 1: of 3D cellular systems denoted by * and of positive controls
(LPS) by #(p<0.05 ## p<0.01 #*%/7#% p<0.001 *=»+/77% p<0.0001 ##*#/7777).
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Figure 6.12 Comparison of IL-6 and IL-8 release between bio-inks ETC:Alginate and ETC:Alginate:HA in 3D
chondrocyte and fibroblast mono- and co-culture over 21 days. Top, middle and bottom rows are of fibroblast,
chondrocyte and co-culture of both cell types, respectively. Mean#SEM are represented. N=3. Non-detectable levels
denoted as ND. Statistical significance of comparisons between bio-inks at each timepoint are denoted by *(p<0.05
# p<0.01 ##).
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6.4 Chapter Summary and Conclusion

This chapter evaluated the cytotoxic and pro-inflammatory effects of two
nanocellulose-based bio-inks in three advanced 3D in vitro models. Both bio-inks
contained alginate, and differed by the inclusion of HA. A summary of results and
conclusion is presented in table 6.1. Overall, the data supports the use of the bio-ink
containing HA (ETC:Alginate:N-HA (low) in media) for further testing for the
application of cartilage tissue engineering, due to the enhanced cell proliferation
profile. This is in line with previous studies that suggests the inclusion of HA promotes
chondrogenicity (unpublished data). Raised cytotoxicity and pro-inflammatory
response were observed at the chronic timepoints. This could be due to intrinsic (high
chondrocyte seeding density) or extrinsic factors (augmented culture media exchange
regime). A decline in the health of cell state can be observed in alternative in vitro
model at chronic timepoints in the literature. Cheng et al examined adult mouse brain
neural stem cells cultured in a chitosan-cellulose nanofibril hydrogel in an in vitro
model??°, Cell viability and proliferation was assessed with the CCK-8 assay, which
demonstrated maximal cell proliferation on day 21 followed by a decline in cell
viability on day 28. This decline on day 28 was seen across all experimental groups
(chitosan without nanocellulose, and with varying nanocellulose content), which may
indicate an inherent model limitation. Further optimisation and characterisation of the
in vitro models will be beneficial. Varied cellular response observed between the
C20A4 monoculture and co-culture systems when exposed to the same bio-ink
indicates cellular cross-talk and modulation with the presence of fibroblast in the co-
culture system. This highlights the potential value in further developing multi-cellular
advanced 3D in vitro models for the purpose of biological testing intended for tissue

engineering product development.
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Table 6.1 Summary of chapter conclusions and take-on messages.

Conclusions

Cytotoxicity ¢ Bio-ink containing HA showed greater cell metabolic activity reflecting enhanced
cell proliferation, compared to bio-ink without HA

o Non-superiority between two bio-inks based on LDH assay

¢ Despite maintained cell metabolic activity, increased cytotoxicity was seen on

day 21 with the LDH assay

Pro- ¢ Non-superiority between two bio-inks based on IL-6 and IL-8 release
inflammatory | e Rise in pro-inflammatory effects at chronic timepoints (day 14 and day 21) across

effects all three cellular models

Recommendations

¢ Bio-ink ETC:Alginate:N-HA (low) in media is the bio-ink of choice.
e Rise in cytotoxicity and pro-inflammatory effects on day 21 warrant further optimisation and

characterisation

253




Chapter 7: Characterisation of advanced 3D in vitro models

via transcriptomic study
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7.1 Introduction

This chapter is focused upon the further characterisation of the advanced 3D in vitro
models for its biological relevance and mechanisms. A challenge in this regard is the
ability to extract live cells or produce high quality cell lysates for downstream assays.
To date, in-house attempts at live cell extraction from cross-linked bio-ink was
unsuccessful, and low yields achieved with RNA extraction. Material interference
could also render certain methodologies unsuitable, or assays and data invalid. For
example, residual bio-ink material in cell suspensions would be a relative
contraindication to the application of fluorescence-activated cell sorting due to the

risks of clogging and inaccuracies.

Recent advances in gene expression analysis technologies offer the opportunity to
assess the global response of the advanced 3D in vitro models and the bio-ink of
interest. The Nanostring nCounter® Analysis System (Nanostring) is a multi-plexed,
panel-based platform that can measure up to 800 genes in a single sample. It benefits
from a relatively low RNA input requirement, increased number of target genes
compared to quantitative real-time polymerase chain reaction (QRT-PCR), does not
require reverse transcription for cDNA (as needed with qRT-PCR, microarrays and
RNA-sequencing, thereby reducing the risk of errors and the introduction of bias), and
the relative ease of data analysis (as compared with RNA-sequencing)’%. Its
application for model characterisation could potentially permit the assessment across
a spectrum of toxicological endpoints whilst overcoming restrictions posed by cell
encapsulation and material costs. In turn, this approach may further address the aim of
the thesis, to assess the biocompatibility of nanocellulose-based bio-ink for cartilage

tissue engineering in an advanced 3D in vitro model.
The aims of this chapter were therefore two folds:

1. To optimise RNA extraction from the advanced 3D in vitro models.

ii.  To characterise and assess the global response of the advanced 3D in vitro
models with the bio-ink ETC:Alginate:N-HA (low) in media using Nanostring
for gene expression analysis.

The aims were met via the following objectives:

1. To optimise cell extraction from cross-linked hydrogel models.

2. To optimise RNA extraction from advanced 3D in vitro models.
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3. To undertake a gene expression analysis for the assessment of the global
response of the advanced 3D in vitro models with the bio-ink ETC:Alginate:N-

HA (low) in media using Nanostring.
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7.2 Methods

The workflow of this chapter begins with the pilot testing and optimisation of the RNA
extraction processes, followed by the application of Nanostring for the assessment of

global response of the advanced 3D in vitro models. This is illustrated in figure 7.1.

RNA extraction

Pilot testing Optimisation
|y @R
] VAN % m
Chondrocyte mono-culture _>
A
X b X
. > < N [/~
$ o= =] —

Gene expression analysis

Global response

" e, ’-.. . {
PRS2 PRrEA

r—r 00—
Day 1 3 5 7 14 21

* Bio-ink: . o Gene expression analysis
- ET(E:AIglnate:N-HA (low) in « Nanostring nCounter®
media . Analysis System

o Culture conditions: « 10360 panel
- Augmented (50:50 exchange
onday 7 + 14)

- Full exchange every 2-3 days

HFF1 @ c20n4

Figure 7.1 Schematic of chapter 7 workflow. Part I centres on RNA extraction. Pilot testing of an adapted RNA
extraction protocol intended for organoids was conducted using the chondrocyte monoculture 3D in vitro model.
Subsequent optimisations included the trials of cell strainers and magnetic-activated cell sorting. N=1. Part 2
involved the application of the Nanostring nCounter® Analysis System to conduct gene expression analysis of the
advanced 3D in vitro models over 21 days. The bio-ink tested consisted of an enzymatically pre-treated nanocellulose
fibril (ETC), alginate and a non-tyramine-substituted form of hyaluronic acid (N-HA), reconstituted in media. The
chondrocyte mono-culture and co-culture system with the addition of dermal fibroblast were compared, in addition
to comparison of the two culture conditions. The 10360 panel was used. N=3. Created with biorender.com.
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7.2.1 Chemical and reagents

Table 7.1 List of chemicals and reagents used in chapter 7 (exclusive of those listed in table 2.1).

Material

Brand (Cat No.)

200ul tube strips (for qubit assay)

Invitrogen (Q33252)

2-mercaptoethanol

Sigma-Aldrich (M6250)

Agilent rna 6000 nano kit

Agilent (5067-1511)

All prep dna/rna mini kit

Qiagen (80204)

Bovine serum albumin (BSA)

Sigma-Aldrich A7906

CD44 antibody, anti-human, vioblue®

Miltenyi Biotec (130-113-899)

CD15 antibody, anti-human, APC

Miltenyi Biotec (130-114-008)

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich (E9884)

ERbb-2 (CD340) antibody, anti-human, PE, reafinity™

Miltenyi Biotec (130-124-473)

Hybridization buffer + prep pack Nanostring
Qiashredder Qiagen (79656)
Quant-it™ ribogreen reagent and rna assay kit Invitrogen (R11490)
Qubit™ rna high sensitivity assay Invitrogen (Q32852)
Rnasezap™ rnase decontamination solution Invitrogen (AM9780)
Rneasy mini kit Qiagen 74106

3M Sodium acetate

Thermo Scientific (R1181)

Sodium azide

Sigma-Aldrich (S2002)

Tryple™ express enzyme (1x), no phenol red

Gibco 12604013
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7.2.2 General material and equipment

Table 7.2 List of material and equipment used in chapter 7 (exclusive of those listed in table 2.2).

Material Brand (Cat No.)

2100 Bioanalyzer instrument Agilent

2100 Bioanalyzer laptop Agilent

BD™ CYTOMETER SETUP & TRACKING BEADS KIT BD Biosciences (642412)
Depc-trearted water (nuclease-free) Invitrogen (AM9915G)
FACS tube — falcon round bottom polystyrene tube Falcon (352052)

Falcon™ cell strainers, 40pm Falcon (352340)
Falcon™ cell strainers, 70pm Falcon (352350)

LS columns Miltenyi Biotec (130-042-401)
Macs® multistand Miltenyi Biotec (130-042-303)
Nanophotometer™ np80 uv/vis spectrophotometer Implen

Ncounter cartridge Nanostring

Ncounter® sprint profiler Nanostring

Cytek Aurora

Cytek Biosciences

Pierce™ tissue strainers, 250pum, 2.5ml

Thermo Scientific (87791)

tm

Polystyrene test tubes — falcon"™ round-bottom

Falcon (10579511)

Quadromacs™ separator

Miltenyi Biotec (130-090-976)

Qubit™ 4 Fluorometer

Invitrogen
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7.2.3 Optimisation of RNA extraction

Previous in-house attempts to achieve cell suspensions for RNA extraction included
the use of the TissueRuptor II (Qiagen) for mechanical sample disruption, and cellulase
and/or ethylenediaminetetraacetic acid (EDTA) to dissociate cells from the
nanocellulose-based hydrogel and reverse the chemical cross-linkage of alginate,
respectively (unpublished data). Due to poor yield from previous attempts, alternative
methodology was explored. Pilot testing was conducted with an adapted RNA
extraction protocol intended for organoids (unpublished), and two commercial RNA
extraction kits was trialled. With some initial success with the generation of
preliminary data for RNA yield and an understanding of feasibility and potential
challenges, further optimisation was undertaken to maximise RNA yield in terms of

quantity and quality.

With chondrocyte being the key cell of interest for cartilage tissue engineering, and a
markedly lower fibroblast seeding density and therefore an anticipated low yield, the
chondrocyte monoculture 3D in vitro model was chosen for pilot testing and the
optimisation of RNA extraction. The optimised RNA extraction method was then
applied for the global response assessment of the advanced 3D in vitro models with
Nanostring. As detailed in chapter 6, the bio-ink ETC:Alginate:N-HA (low) in media
was used. Outcomes for RNA extraction relates to the yield from a single sample,
unless otherwise specified, which namely involved fibroblast monoculture models

where pooling of samples was performed.
7.2.3.1 Pilot testing for RNA extraction

An overview of the pilot testing for RNA extraction is illustrated in figure 7.2. Due to
the step-wise nature of the protocol and varied commercial kits tested, the
methodology is broken down into each component part and detailed separately
(sections 7.2.3.1.1 - 7.2.3.1.7). Selected elements which proved successful were taken

forward for the final RNA extraction protocol as described in the SOP (appendix 1).

The pilot testing initiated with step 1, sample homogenisation. The chondrocyte-
encapsulated cross-linked hydrogel pellet was homogenised via enzymatic and
mechanical means with the application of trypLE (an animal origin-free trypsin-like

enzyme) and pipetting the sample up and down through a 1000ul pipette tip (section

260



7.2.3.1.1). This produced a suspension of cells and bio-ink, confirmed via light

microscopy and the erythrosin B assay (section 7.2.3.1.2).

Initial trial of RNA extraction utilised the serial application of QIAshredder and the
RNeasy Mini Kit as previously applied for 2D cell cultures (section 7.2.3.1.3).
Clogging of the RNeasy spin column was noted. Unfortunately, quantification using
the NanoPhotometer™ NP80 UV/Vis spectrophotometer did not yield detectable
levels of RNA (section 7.2.3.1.4).

@ Homogenisation of cross-linked hydrogel
with TrypLE + mechanical disruption

TrypLE p 3
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—> — —>
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Figure 7.2 Schematic of the pilot testing for RNA extraction. Step 1 involved the enzymatic and mechanical
homogenisation of the chondrocyte-encapsulated cross-linked hydrogel disc constituting the advanced 3D in vitro
model. Step 2 is the centrifugation step to achieve a cell pellet, which was visualised in step 3 with the erythrosin
B assay. Bio-ink residuals remained through step 2 and 3. RNA extraction was performed using the spin column
technique (step 4), quantified using the Qubit assay and assessed for quality with gel electrophoresis (step 5).
Created with BioRender.com.

As such, an alternative commercial kit as specified in the organoid DNA/RNA
extraction protocol was trialled next (AllPrep DNA/RNA Mini Kit) (section 7.2.3.1.5).
In recognition of the low yield, the Qubit™ RNA High Sensitivity Assay was used for
quantification (section 7.2.3.1.6). The Qubit assay offered a greater degree of assay
sensitivity (0.2-200ng/ul) when compared to the NanoPhotometer (1-16,500ng/pl),
although the NanoPhotometer was still used for purity ratios assessment (A260:A280
and A260:A230). Gel electrophoresis was conducted to assess RNA integrity (section
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7.2.3.1.7). The methods of pilot testing are hereby described and the results expanded

upon in section 7.3.1.
7.2.3.1.1 Sample homogenisation

Prior to RNA extraction, the sample (cell-seeded cross-linked hydrogel disc) was
homogenised to create a suspension of cells and bio-ink material. Each sample was
washed with 1ml PBS and incubated with 1ml of trypLE at 37°C for 5 minutes. The
sample was then mechanically disrupted by pipetting up and down (trituration) through
a 1000ul pipette tip 20 times. The sample was incubated for a further 5 minutes and a
repeat of trituration 10 times. The trypLE was neutralised with the addition of 1ml
culture media. All well contents were transferred to a 15ml tube for centrifugation at
300G for 5 minutes. Whilst this would typically create a cell pellet, in this case, phase
separation was achieved with the denser biomaterial and cells at the base without a cell
pellet. The supernatant was removed, leaving the cell suspension with residual bio-ink

material ready for the next step.
7.2.3.1.2 Erythrosin B dye exclusion assay

The application of the erythrosin B exclusion assay in this context was simply to
visualise the amount of cells and bio-ink content following sample homogenisation, or
any sample treatment, prior to RNA extraction. The method was adapted from the
erythrosin B exclusion assay used for cell counting and cell viability assessment as
described in section 2.8.2. Due to the lack of a cell pellet, the supernatant following
centrifugation was carefully removed, and culture media added to achieve a total
volume of 1ml and mixed by pipetting up and down. The erythrosin B exclusion assay

was then followed as previously described and assessed under light microscopy.
7.2.3.1.3 RNA extraction method 1

Prior to RNA extraction, equipment and bench top was wiped down with RNaseZAP.
The QIAshredder and RNeasy Mini Kit was used following the manufacturer’s
instructions, except for minor adaptations mostly inferred by the additional sample

volume due to the bio-ink material and the inability to achieve a cell pellet.

The sample was prepared as described in section 7.2.3.1.1. Buffer RLT (600ul) from
the RNeasy Mini Kit was added to the sample and mixed by pipetting up and down.
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This was transferred to the QIAshredder and centrifuged at 8,000G for 2 minutes for
further homogenisation. The flow-through from the QIAshredder was used with the
RNeasy Mini Kit.

Ethanol 70% was added at 1:1 volume ratio and mixed well, which supports the
selective binding of RNA to the RNeasy spin column membrane. This was then added
to the RNeasy Mini spin column (maximum 700ul loading volume as per
manufacturer’s guidance), and centrifuged at 8,000G for 15 seconds. The flow-through
was discarded, and the remainder of the sample was added to the same spin column as
recommended by the manufacturer to capture RNA on the same spin column
membrane. It was noted that not all 700ul of samples will ‘flow-through’ in one
centrifugation sample, but repeat centrifugation at the same speed and duration ensured

all sample flows-through the membrane.

The next step was to add 700ul Buffer RW1 to the same RNeasy spin column and
repeat centrifugation at 8,000G for 15 seconds, discarding the flow-through. Next,
500ul Buffer RPE was added to the spin column and centrifuged at 8,000G. This step
was performed twice, initially for 15 seconds, and again for 2 minutes, discarding the
flow-through after each step. The optional step aimed at removing any residual Buffer
RPE was performed, which involved further centrifugation of the spin column placed

in a new collection tube at 17,000G for 1 minute.

To elute the RNA, 30ul RNase-free water was added to the spin column which has
been transferred to a new collection tube, and centrifuged at 8,000G for 1 minute.
Again, the optional step to maximise RNA yield was undertaken which involved

adding the eluate back to the spin column and repeating the centrifugation step.
7.2.3.1.4 RNA quantification and purity assessment with NanoPhotometer

The Implen NanoPhotometer® NP80 was used to determine the purity ratios
A260:A280 and A260:A230. It was also initially used to estimate RN A quantity during
the pilot testing of RNA extraction. The NanoPhotometer was used in accordance with
manufacturer’s guidance. Prior to use, the sample window was cleaned and a blank
control using RNAse-free water was performed. The RNA sample volume used was
1ul. The absorbance ratios denote clarity, with a ratio of between 1.8-2.0 considered

satisfactory.
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7.2.3.1.5 RNA extraction method 2

The second attempt at RNA extraction differed from the first (as described in section
7.2.3.1.3) with the addition of B-mercaptoethanol to the lysis buffer, mechanical
homogenisation of the sample, and the use of the AllPrep DNA/RNA Mini Kit which

included an additional DNA spin column.

Prior to RNA extraction, equipment and bench top was again wiped down with
RNaseZAP. The manufacturer’s instruction was followed in the most part for the
AllPrep DNA/RNA Mini Kit, except for similar adaptations made to account for the

additional sample volume due to the bio-ink material.

The sample as prepared from section 7.2.3.1.1 was used. The lysis buffer was 10ul -
mercaptoethanol per 1ml RLT lysis buffer. Each sample was mixed with 600ul lysis
buffer. Further homogenisation was performed by passing the sample through a 21G
needle at least five times. The sample was then added to the AllPrep DNA spin column
and centrifuged at 8,000G for 30 seconds. Any residual sample retained in the DNA
spin column was transferred to a new DNA spin column and centrifuged in the same
manner. As such, two DNA spin columns were required per sample. All flow-through
containing RNA was collated and 70% ethanol was added at 1:1 volume ratio. This
was then added to the AllPrep RNeasy spin column and centrifuged at 10,000G for 15
seconds, with flow-through discarded. Due to added sample volume, all flow-through
from the DNA spin column was added to the same RNeasy spin column and processed
as described to ensure all RNA from the single sample was captured in one membrane.
The RNeasy spin column was then washed by adding 700ul RW1 buffer and
centrifuged at 8,000G for 15 seconds, followed by two cycles of 500ul of RPE buffer
centrifuged at 8,000G for 15 seconds, then for 2 minutes. The RNeasy spin column
was transferred to a new collection tube and centrifuged at 10,000G for 1 minute to
dry the membrane. To elute the RNA, 40ul of RNase-free water was added to the
RNeasy spin column placed in a new collection tube, and centrifuged at 8,000G for 1
minute. The optional step to maximise RNA yield was performed as standard, which
involved placing the eluate back into the RNeasy spin column and repeating the final

centrifugation step.
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7.2.3.1.6 RNA quantification with Qubit

The Qubit™ RNA High Sensitivity Assay Kit was used for RNA quantification. It is a
fluorescence-based technique whereby the dye binds selectively to RNA. RNA
concentration is determined by comparing the fluorescence values of samples against
known standard concentrations. It was applied as specified for pilot testing, and for all
samples intended for gene expression analysis with Nanostring. The kit was used in

accordance with the manufacturer’s guidance.

RNA samples were thawed prior to quantification and kept on ice when not in use. All
assay solutions were allowed to come to room temperature prior to use. The working
solution was prepared by mixing the supplied reagent and buffer in 1:200 ratio. Two
kit standards were prepared with 10ul standard and 190ul working solution. RNA
samples were prepared with 1ul sample and 199ul working solution. Both standards
and samples (10ul each) were added to a fresh 200ul tube strips, incubated for 2
minutes at room temperature and RNA concentration read using the Qubit™ Flex

fluorometer.
7.2.3.1.7 RNA quality assessment with gel electrophoresis

The assessment of RNA integrity was performed with agarose gel electrophoresis. In
principle, RNA samples were loaded into an agarose gel. An electrical current is
applied to the gel, which causes the negatively charged RNA to migrate towards the
positive electrode. Smaller fragments will migrate faster, with separation of RNA
fragments according to size. The resulting bands were visualised using a UV

transilluminator and compared to the RNA ladder.

7.2.3.2 Optimisation of RNA extraction

Building on from the pilot testing, the goal of optimisation was to attain RNA from the
advanced 3D in vitro models suitable for Nanostring application. The objectives of

optimisation were:

1) Reduce the amount of residual bio-ink and achieve a purer cell suspension;
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2) Cell sorting to distinguish between chondrocytes and fibroblast populations from

the co-culture model,
3) Improve RNA yield in terms of quantity, quality (i.e. integrity) and purity.

A step-wise approach, as outlined in figure 7.3, was taken to systematically select the
optimal option and exclude unsuccessful conditions. This formed a series of

experiments, one through six, divided into four sequential steps:
1) Homogenisation of cross-linked hydrogel;

2) Cell extraction and cell sorting;

3) RNA extraction;

4) RNA purification.

As there was variable overlap of methods used in the pilot testing and optimisation,
table 7.3 aims to provide clarity by listing methods in each group. Items listed under

optimisation represent methods not already included under pilot testing.

The various components of RNA extraction taken forward from pilot testing are
sample homogenisation (section 7.2.3.1.1), erythrosin B exclusion assay (section
7.2.3.1.2), assessment of purification ratio using the NanoPhotometer (section
7.2.3.1.4), RNA extraction (section 7.2.3.1.5) and quantification using the Qubit assay
(section 7.2.1.1.6). These methods were applied for all RNA extractions undertaken

from this section onwards, with additional procedures hereby described.
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Figure 7.3 Schematic of optimisation for RNA extraction. Testing undertaken during optimisation are listed as
experiment 1-6. Step 1: Homogenisation of cross-linked hydrogel. Step 2: Cell extraction and cell sorting. This
included experiment 1: phase separation by centrifugation; experiment 2: effect of cell strainer mesh sizes; and
experiment 3: effect of cell strainer and mesh sizes with MACS. To enable MACS, the expression of CD markers in
chondrocyte and fibroblast cell lines was confirmed by flow cytometry as part of experiment 3, denoted by * Step
3: RNA extraction. This entailed experiment 4: comparison of three pre-conditions, and experiment 5: comparison
of single versus double RNA elution. Step 4: RNA purification through ethanol precipitation, with experiment 6:
comparison of RNA yield pre- and post-ethanol precipitation. Right-sided illustrations depict evaluation
methodologies of the corresponding steps. N=1. Created with biorender.com.
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Table 7.3 Methods used in pilot testing and optimisation of RNA extraction.

Steps Pilot Testing Optimisation
1. e Application of TrypLE™ Express | Nil addition
Homogenisation | and trituration
of cross-linked | o Visualisation with erythrosin B
hydrogel exclusion assay
2. Not performed e Phase separation by centrifugation:
Cell extraction 300G, 600G, 1200G, 2400G
and cell sorting o Cell strainer: 250um, 70um, 40pm
e Magnetic-activated cell sorting
(MACS)
e Flow cytometry: CD44, CD350,
CD15
3. o Test 1: e All performed with Test 2
RNA extraction | -QIAshredder methodology
-RNeasy kit e Comparison of 3 conditions:
o Test 2: i) homogenisation only as per step 1
-Homogenisation with 21G needle i1) condition (i) plus serial cell strainers
-AllPrep DNA/RNA kit (250pum and 70pm)
iii) condition (ii) plus MACS using
CD44
e Comparison of single vs double
elution
4. Not performed e Ethanol precipitation
RNA e Comparison of pipetting versus vortex
purification in wash step
5. e Nanodrop spectrophotometer e Ribogreen
RNA evaluation | e Qubit ¢ Bioanalyser (RIN)
o Gel electrophoresis

7.2.3.2.1 Experiment 1: phase separation

Sample was prepared as described in section 7.2.3.1.1. Culture media was added to

reach a total volume of 5ml and pipetted up and down for mixing. A range of
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centrifugation forces was tested at 300, 600, 1200 and 2400G at 4°C for 5 minutes.
Supernatant was removed and inspection for cell pellet performed. The dense bio-ink
and cell material was resuspended in media to achieve a total volume of 1ml and

assessed using the erythrosin B exclusion assay as described in section 7.2.3.1.2.
7.2.3.2.2 Experiment 2: effect of mesh size of cell strainer

The mesh sizes of cell strainer tested were 250, 70 and 40um. An additional test of
serial application of cell strainers from wide to narrow pores was also investigated.
This was adapted from a protocol intended for organoid cultures, which involved

passing the sample through a 250um cell strainer, then 70um and 40pm.

Sample was prepared as described in section 7.2.3.1.1 up to and including the step of
neutralisation of trypLE with media. The prepared sample was added to cell strainers.
The flow-through was collected in falcon tubes and centrifuged at 300G at 4°C for 5
minutes. The supernatant was discarded, and due to the lack of a cell pellet, the
suspension containing bio-ink material and cells was resuspended with media to reach
a total volume of Iml. Visualisation was performed with the erythrosin B exclusion

assay (section 7.2.3.1.2).
7.2.3.2.3 Experiment 3: combination of cell strainer with MACS

The primary goal of MACS was to separate the chondrocytes and fibroblast from the
co-culture model to permit assessment of the relative influence of each cell type in the
differential gene expression analysis. It was hypothesised that the application of
MACS may also reduce the amount of residual bio-ink, leading to higher purity of the

cell suspension.

The workflow for the trial of MACS was: 1) confirmation of suitability of CD markers
for each cell type with flow cytometry (section 7.2.3.2.3.1), and 2) testing of MACS

together with the cell strainers (experiment 3; section 7.2.3.2.3.2).

MACS is an immunomagnetic cell separation technique. Target cells are labelled with
a magnetic particle specific for a cell surface (CD) marker. When the cell suspension
is passed through the MACS LS column placed within the MACS separator, powerful

magnets within the MACS separator cause the magnetically labelled cells to be
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retained in the LS column, with flow-through of the unlabelled cells. Cells are then
retrieved from the LS column by removing it from the magnetic field. Therefore, a

cell-specific CD marker distinct for each cell type was required with MACS.

An initial literature search revealed a paucity of cell line-specific CD markers. As such,
the search criteria were broadened to include human-specific cell types. The majority
of CD markers was reported as dually expressed by both cell types, and therefore not
suitable for cell sorting purposes. These included CD9, CD10, CD14, CD29, CD39,
CD44, CD47, CD49b, CD49¢c, CD54, CD71, CD73, CD90, CD105, CD106, CD140b,
CD146, CD151 and CD166 307-329,

The use of transmembrane glycoproteins, CD44 and CD54, with human articular
chondrocytes for MACS was reported by Hamada et al’'®. CD44 is a receptor for HA,
whilst CD54 is also known as intercellular adhesion molecule-1 (ICAM-1). Whilst
both are recognised chondrocyte markers®’’, they are also expressed in fibroblast. As
CD44 human microbeads are available for MACS, this was selected to test for positive
selections of both cell types. To isolate a single cell type, CD340 for chondrocyte and
CDI1S5 for fibroblast were chosen for their reported preferential expression in their

respective cell types %, Antibodies used for cell labelling are listed in table 7.4.
7.2.3.2.3.1 Flow cytometry

Flow cytometric analysis was used to assess whether the CD markers were expressed
by the C20A4 and HFF-1 cell lines. To avoid influence of bio-ink material, cells from
2D cultures were used (as detailed in section 2.7). Staining with the fluorophore-
labelled antibodies for the three selected cell markers was performed and analysed
with the flow cytometer. The staining protocol involved transferring 1x10° cells to a
fluorescence-activated cell sorting (FACS) tube, centrifugation to achieve a cell pellet
and the supernatant discarded. The cell pellet was resuspended in 200ul FACS buffer
(0.2% w/v bovine serum albumin (BSA), 0.05% sodium azide in PBS) and incubated
with 2ul of each antibody stain for 30 minutes on ice shielded from light. The cell
suspension was washed by adding 2ml of FACS buffer, centrifugation to achieve a cell
pellet, removal of the supernatant and resuspension in 200ul of FACS buffer.
Centrifugation steps were performed at 515G at 4°C for 7 minutes. The labelled cells
were then analysed on the Cytek Aurora flow cytometer immediately for the

expression of CD15, CD44 and CD340.
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With the unstained control, parameters for forward scatter (FSC) reflecting cell size
and side scatter (SSC), a measure of cell granularity, were set. Following which, the
individual fluorophore channel was set for each of the three antibodies used (table 7.4).
These settings were applied for the full experiment. For each run, 10,000 events were
acquired for the population of interest. Quality control (QC) for the flow cytometer
was assured using the BD™ Cytometer Setup & Tracking Beads Kit. This was
performed as the first step, which involved adding one drop of the beads to 300ul of
sheath fluid and initiating the QC programme.

Table 7.4 Antibodies for flow cytometric analysis.

Antibody | Fluorochrome | Lasers and | Detection Isotype Clone Company
Wavelength /| Channel (Catalog no.)
Excitation- (NovoCyte)
Emission (nm)
CD15 APC 651/660 RIA Mouse IgM | VIMC6 Miltenyi
Anti- Biotec  (130-
human 114-008)
CD44 VioBlue 400/455 V3A Mouse DB105 Miltenyi
Anti- IgGlk Biotec  (130-
human 113-899)
ErbB-2 PE 565/578 B4A Recombinant | REA1232 | Miltenyi
(CD340) human IgG1 Biotec  (130-
Anti- 124-473)
human

Data acquisition was performed with the SpectroFlo® (Cytek Biosciences). Data
analysis was performed using FlowJo 10.8.1 (Tree star, Oregon, USA). An example of
the gating strategy applied is shown in figure 7.4. The first gating was performed to
select live cells and exclude debris based on size and granularity using the FSC v SSC
density plot (figure 7.4A). Doublets with higher forward scatter were then excluded,
with the selection of single cells using the FSC height versus area density plot (figure
7.4B). The gated population, which excluded debris and doublets, were used to
generate histograms for each fluorophore (figure 7.4C). The median fluorescence
intensity (MFI) of positive cells was used to evaluate the expression of specific CD

markers by each cell population.
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Compensation controls with single-stained samples for each antibody was performed
to account for fluorescence spillover in this multi-colour experiment. Compensation
for potential spectral overlap of the three fluorophores in mixed stain samples aimed
to reduce false positive results. The positive and negative events of the single-stained
runs were gated, labelled, and a compensation matrix was generated using the FlowJo

software 10.8.1. This was applied to all flow cytometry data acquired prior to analysis.
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Figure 7.4 Example of gating strategy applied for flow cytometric analysis with CD44 expression by C20A44 cell
line. A) Density plot to identify cells of interest with gating of live cells based on their size with forward scatter
(FSC) and granularity with side scatter (SSC). B) FSC height v area density plot used for doublet exclusion, with
gating of single cells. C) Histogram demonstrating CD44 expression by C20A4: unstained (grey), single stain with
anti-human CD44 (blue) and mixed stains (CD15, CD44, CD340) (purple). N=1.

7.2.3.2.3.2 Combination of cell strainer with MACS

Following the confirmation of CD44 expression by the C20A4 cell line (results

detailed in section 7.3.4), experiment 3 continued to compare sample preparation
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conditions with the use of both cell strainers and MACS. Samples were prepared as
described in section 7.2.3.1.1, up to and including the step of neutralisation of trypLE
with culture media. The four conditions for cell strainers tested were: 1) no cell strainer,
i) 250um, iii) 70pum, and iv) serially with 250um then 70um cell strainers. MACS

was then applied using CD44 microbeads following all four cell strainer conditions.

The MACS procedure was performed as per manufacturer’s guidance with adaptations
to account for the residual bio-ink and lack of cell pellet. The LS column was inserted
into the MACS separator housing the magnets. The LS column was rinsed with 2ml
MACS buffer (0.5% BSA, 2mM EDTA in PBS, pH 7.2), allowing this to run through.
Concurrently, the strained sample was centrifuged at 300G at 4°C for 5 minutes, and
the supernatant was discarded. The sample was mixed with 20ul of CD44 microbeads
and 80ul of MACS buffer, and incubated at 4°C for 15 minutes shielded from light.
The sample was then washed with 2ml MACS buffer and centrifuged at 300G at 4°C
for 10 minutes. The supernatant was removed and the sample resuspended in 500ul of
MACS buffer and added to the LS column. A top-up of 5ml MACS buffer was added
to aid visualisation of the passage of the sample through the LS column. The flow-
through consisting of unlabelled cells was collected. Once the sample and added buffer
has passed through the LS column, the column was removed from the MACS
separator. The positively selected cells were retrieved by flushing the cells out of the
LS column with 5ml of MACS buffer. The cell suspension containing CD44+
chondrocytes was assessed with the erythrosin B exclusion assay as described in

section 7.2.3.1.2.
7.2.3.2.4 Experiment 4: pre-conditions before RNA extraction

Optimisation thus far was assessed with the erythrosin B exclusion assay. The
visualisation of the amount of cells and residual bio-ink material provided an
indication of the efficacy of each variable tested, guiding their selection. As the final
objective was RNA extraction, the assessment from experiment 4 onwards was

changed to RNA quantification for a more precise comparison of methodologies tested.

Experiment 4 built on results from experiment 1 through 3, and was the first
experiment evaluating RNA yield. Three sample preparation methodologies were

tested:
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1) sample homogenisation only (as described in section 7.2.3.1.1),

ii) sample homogenisation followed by serial cell strainers of 250um and 70pum

(sections 7.2.3.1.1 and 7.2.3.2.2), and

ii1) the same as (i1), with the addition of MACS using CD44 for positive selection of
cells (as described in section 7.2.3.2.3.2).

RNA extraction was performed as described in section 7.2.3.1.5. RNA quantification
was performed with the Qubit assay (section 7.2.3.1.6), and purity ratios (A260:A280
and A260:A230) were assessed with the NanoPhotometer (section 7.2.3.1.4). Three

biological replicates were performed.
7.2.3.2.5 Experiment 5: single versus double elution

Experiment 5 assessed the impact of the optional procedural step of the AllPrep
DNA/RNA Mini Kit of double elution to increase RNA yield. Samples were prepared
as per condition (ii) in section 7.2.3.2.4. RNA extraction was performed as described
in section 7.2.3.1.5, with the final step of elution performed (termed double elution),
or not performed (termed single elution). Assessment of RNA quantity and purity with
the Qubit assay and the NanoPhotometer was performed as described in section

7.2.3.1.6 and 7.2.3.1.4, respectively. Nine biological replicates were performed.
7.2.3.2.6 Experiment 6: ethanol precipitation

The relevance of ethanol precipitation for RNA extraction was: i) to concentrate the
extracted RNA to allow sample preparation at the required concentration for the
application with Nanostring, and ii) to improve the purity of the RNA extracted.
Samples were prepared as per condition (ii) in section 7.2.3.2.4, and RNA extraction

with double elution as per section 7.2.3.2.5.

The ethanol precipitation was performed following an in-house protocol
(unpublished). A tenth volume of sodium acetate was added to the extracted RNA.
Ethanol (100%) was then added at 2.5x volume inclusive of sodium acetate, and the
sample mixed by vortex. The sample was stored at -20°C overnight for RNA
precipitation. Although the protocol specified between one hour to overnight for the
RNA precipitation step, in view of the anticipated low yield, overnight precipitation

was selected. The RNA sample was centrifuged at 12,000G at 4°C for 20 minutes, and
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the supernatant was discarded. The RNA was washed by adding 500ul of 70% ethanol,
mixed by vortexing, centrifuged at 12,000G at 4°C for 10 minutes and the supernatant
was discarded. The wash step was performed twice. The RNA pellet was allowed to
air dry. Once dry, the RNA pellet was dissolved in the desired volume of RNase free

water.

The Qubit assay and NanoPhotometer were used to quantify and measure the purity
ratios of the RNA pre- and post-ethanol precipitation respectively (as described in

section 7.2.3.1.6 and 7.2.3.1.4). Three biological replicates were performed.
7.2.3.2.7 Trial of RNA extraction for HFF-1 3D monoculture model

Following optimisation of the full RNA extraction process with the chondrocyte
monoculture model (as described in section 5.8.4.3 of the SOP in appendix 1), RNA

extraction from the fibroblast monoculture model was trialled.

Initial quantification using the Qubit assay (section 7.2.3.1.6) did not yield detectable
levels of RNA. In view of the low seeding density, the pooling of 10 fibroblast samples
was performed. The same procedural steps were followed, except for the collation of
flow-through from the DNA spin column. These were processed through a single
RNeasy spin column to retain all RNA from 10 samples into a single RNeasy column

membrane.

Due to undetectable levels of RNA of the pooled sample with the Qubit assay which
has a detection range of 0.2-200ng/ul (assay range 4-200ng), a more sensitive assay,
the Quant-it™ RiboGreen® Reagent and RNA Assay Kit (Ribogreen), was used. This
kit can be applied in two ranges for low or broad detection ranges. The low range assay
with a sensitivity range of 0.1-5ng/ul (assay range 1-200ng RNA) was used, and the
assay was performed as per manufacturer’s guidance. All kit components were allowed
to come to room temperature before use. The RNA reagent, which is the fluorescent
RNA stain, was shielded from light at all times. The TE buffer was first added to a 96
well microplate. Standards (maximum 100ng/ml with two-fold serial dilution) and 1l
RNA samples were added to the TE buffer to create a final volume of 50ul per well.
The RNA dye reagent was diluted 2000 fold in the TE buffer and 50ul was added to
each standard and sample well and incubated at room temperature for 5 minutes

shielded from light. Fluorescence was measured using a microplate reader with an
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excitation/emission of 482/520nm. The instrument’s gain was adjusted such that the
highest RNA concentration yielded a fluorescence intensity near the instrument’s
maximum range (i.e. 85%). This ensured all sample readings fall within the detection
range of the fluorometer. Data analysis was performed by first subtracting the mean
fluorescence value from the blank wells. The corrected data was then used to generate
a standard curve against which the RNA concentration of samples was calculated from.
Three technical replicate was performed with a single biological replicate consisting

of the pooling of ten fibroblast-seeded 3D in vitro models.
7.2.3.2.8 Section summary — optimisation of RNA extraction

Results of each experiment for the optimisation of RNA extraction are detailed in
sections 7.3.1 —7.3.7. The final protocol for RNA extraction based on these results are
detailed in section 5.8.4.3 of the SOP (appendix 1). This RNA extraction protocol was

used for all RNA samples intended for Nanostring application.

7.2.4 Characterisation of advanced 3D in vitro models with gene expression

analysis

To further elucidate the biological effects of the nanocellulose-based bio-ink in the
advanced 3D in vitro model, gene expression analysis was performed with the use of
Nanostring. The study parameters were illustrated in figure 7.1. The optimal bio-ink
inclusive of alginate and HA (ETC:Alginate:N-HA (low) in media) was selected for
testing (rationale detailed in section 5.3.2). The fibroblast monoculture 3D in vitro
model was excluded due to unsuccessful RNA extraction (section 7.3.8). The bio-ink
was tested in both the chondrocyte monoculture and co-culture models, permitting
evaluation of the influence of the fibroblast in the co-culture system. Applying the
same experimental conditions in chapter 6, the augmented culture media exchange
regime (sections 2.13 and 6.2) was used to supplement the cytotoxicity and pro-
inflammatory response dataset with the gene expression analysis. An optimal culture
media exchange regime was also included, involving full media exchange every 2 - 3
days, to permit characterisation of the model without the potential deleterious effect of
restricted nutrients and waste products removal. Nanostring uses a single-use

cartridge-based sample loading system, with each cartridge taking 12 biological
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samples. The timepoints selected for this study were rationalised, in conjunction with
the experimental conditions described above, to maximise the use of available sample
slots and facilitate condition comparisons for differential gene expression analysis. Six
timepoints were included over the full 21-day study period, covering both acute (day

1, 3,5, 7) and chronic timepoints (day 14 and 21).
7.2.4.1 Nanostring nCounter analysis system

Nanostring is an automated, panel-based gene expression quantification system which
utilises molecular barcodes and digital counting technologies to provide analysis of up
to 800 target genes in a single sample simultaneously. The principle of the assay is
illustrated in figure 7.5. RNA is first bound to a gene-specific capture and reporter
probe through a hybridization step (step 1), creating a ‘target probe complex’. Each
reporter probe contains a six-spot fluorescent barcode made of a combination of four
colours. Each gene is assigned a specific colour combination, creating a unique
identification for each target gene. The purification step removes excess unbound
capture and reporter probes (step 2). The sample is then loaded onto the Nanostring
cartridge, where the target probe complex is immobilised to the cartridge slide surface
(step 3). This process is aided by the biotinylated capture probe, which interacts with
the streptavidin-coated slide. Once immobilised, the target probe complexes are laid
flat and aligned on the slide surface via the application of an electric current in a
microfluidic system (step 4). A digital image is captured of the slide containing
multiple gene-specific target probe complexes (step 5), and digital counting of each

colour barcode combinations provides the direct transcript count (step 6).

Nanostring carries over 150 human-relevant panels covering a variety of conditions
and biological processes. As there was no specific panel for tissue engineering,
regenerative medicine or relevant cartilage-related conditions, a literature search was
conducted for cartilage tissue engineering which used nanocellulose-based biomaterial
with the search terms of RNA, PCR and differential gene expression. This generated a
list of 88 potential gene of interest with which the top 10 Nanostring panels with the
best coverage were identified. In-depth review of these suggested that the PanCancer
10360 panel, although designed to investigate immune-oncology, with its broad scope

covering 770 genes across 25 biological processes (e.g. cell proliferation, cytotoxicity,
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cytokine and chemokine signalling and metabolic stress) was most suitable for the

intention of the chapter aims.
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Figure 7.5 Schematic of the Nanostring nCounter Analysis System experimental procedure. Step 1:
Hybridization of sample RNA with target-specific capture and reporter probes, creating unique target probe
complex. Step 2: Purification of the sample removed excess capture and reporter probes. Step 3: Sample is added
to the Nanostring cartridge where target probe complex immobilises onto the slide surface. Step 4: Alignment of
the target probe complex is performed by the application of an electric current. Step 5: Image capture of the
immobilised target probe complex yields image with fluorescent barcodes. Step 6: Digital counting of the unique
barcodes provides direct count of individual transcripts. Created with BioRender.com.

The RNA input was standardised to 60ng using the lowest RNA yield across all
samples. This met the manufacturer’s input recommendation of 50ng-300ng. The
Qubit assay was used to calculate loading sample quantity due to the enhanced
accuracy of the fluorescence-based assay. All RNA samples were prepared as
described in the SOP (appendix 1). Quantification was performed with the Qubit assay
(section 7.2.3.1.6). Purity was assessed with the NanoPhotometer (section 7.2.3.1.4).
Specifically for Nanostring application and quality control purposes, to avoid

repetitive freeze / thaw cycles of RNA samples, the sample was reconstituted to a target
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concentration of 12ng/ul. Separate aliquots for QC (4ul) and Nanostring application

(6ul) were prepared.
7.2.4.2 RNA integrity assessment

RNA integrity assessment involved the determination of the RIN and DV200 of all
RNA samples intended for Nanostring application. This was performed using the RNA
6000 Nano Kit with the Agilent 2100 Bioanalyzer. The bioanalyzer is an automated
microfluidics-based electrophoresis system and it employs a chip-based system which
can house up to 12 samples. The principle of the assay is akin to the gel electrophoresis
(as described in section 7.2.3.1.7). The electrophoretic assay quantifies the sizing of
RNA fragments in a digital format. It is more sensitive and precise than gel
electrophoresis and provides additional information such as the DV200 (% of RNA

fragments greater than 200 nucleotide).

The procedure begun with the preparation of the chip priming station (supplied by
Agilent) as per the manufacturer’s guidance. Preparation of the RNA ladder involved
heating at 70°C for precisely 2 minutes to denature the ladder and immediately cooling
the RNA ladder on ice. Next, the gel was prepared by placing the RNA gel matrix into
a spin filter and centrifuged at 1500G for 10 minutes at room temperature. The RNA
dye concentrate was added to the RNA gel matrix at a ratio of 1l dye to 62ul filtered
gel, and vortexed to mix. This was then centrifuged at 13000G for 10 minutes at room
temperature, and loaded onto the RNA chip placed within the chip priming station.
Next, Sul of the RNA marker was added to each sample and ladder well. The RNA
ladder and sample was added next at 1l each. The chip was vortexed horizontally at
2400rpm for 1 minute in the IKA vortex, and ran in the 2100 Bioanalyzer immediately.
The RIN and DV200 values were recorded directly from the Bioanalyzer software for

each sample.
7.2.4.3 Nanostring experimental procedure

The hybridization master mix was first created by adding 70ul of the supplied
hybridization buffer to the thawed Reporter CodeSet tube. The hybridization mix (8pl)
was then added to each tube of a 12 tube strip, followed by 5ul of RNA sample (60ng)

and 2pl of Capture ProbeSet. A new pipette tip was used for each sample to minimise
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cross-contamination and errors. The content was mixed by flicking and a brief spin.
The contents were then incubated at 65°C for 20 hours in a thermal cycler for the

hybridization reaction.

On the following day, the Nanostring cartridge was prepared 15 minutes prior to use
by removal from the -20°C freezer to return to room temperature. The samples were
used immediately following the hybridization reaction. The volume of samples was
checked by pipetting to account for evaporation during the hybridization process.
RNase-free water was added to each sample to reach a total volume of 35ul. The
sample (33ul) was then loaded onto the Nanostring cartridge as per the manufacturer’s
guidance with the inclusion of an air bubble. The cartridge was then loaded onto the

Nanostring SPRINT Profiler for analysis.
7.2.4.4 Nanostring data analysis
7.2.4.4.1 Raw data appraisal with the Nanostring nSolver analysis software

The raw data, which consists of raw digital counts of each transcript, was exported and
analysed using the Nanostring nSolver analysis software 4.0. Raw data appraisal,
including QC assessment and data normalisation was performed using the advanced
analysis package. Internal QC was ensured using the default parameters as
recommended by Nanostring. This included the assessment of imaging (% of FOV
registration), binding density, positive control linearity and positive control limit of
detection. Normalisation of the raw data was performed using the 20 internal
housekeeping genes of the I0360 panel and the nSolver normalisation module. Log2
transformed normalised data was used for all subsequent differential gene expression

analysis.
7.2.4.4.2 Volcano plots of DEGs

Visualisation of DEGs in the forms of volcano plots was performed using GraphPad
Prism v10. DEGs were identified by comparing the co-culture model on day 3, 5, 7,
14 and 21 in optimal culture conditions against baseline on day 1. Differential
expression was defined as a log2 fold change of greater than 1.5 or less than -1.5, with
anegative log10 Benjamini-Hochberg adjusted p-value of less than 0.05. All reference

to DEGs in future refers to those identified as described in this section.
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7.2.4.4.3 Nanostring pathway score

The nanostring pathway score was calculated via the proprietary nSolver software
function using Principal Component Analysis (PCA) principles. It condenses data of
all genes within a pathway into a single score. Scaling of each gene’s expression by its
variance was first performed so that scores are comparable. The first principle
component (PC) of all genes within a pathway was then calculated. Genes are weighted
by how much they contribute to the first PC, and then multiplied by their expression.
This focused the pathway score on genes that varies the most within the pathway and
makes the score more sensitive. By default, the PCs are zero-centered. The Nanostring
algorithm includes a step which orientates the matrix such that the pathway scores
provide an indication of whether the overall expression within the pathway is above or
below the mean. Individual gene variance and significance of such variance are not
considered. Instead, focus is placed on genes within the pathway that changes the most
(i.e. first PC). In totality, the Nanostring pathway score is a high-level overview of
each of the 25 pathways (also known as functional annotations) on the 10360 panel. It
provides an indication of the effect of the variable tested on each pathway, and whether
gene expression is increased or decreased compared to the reference group. In this
case, the model was characterised via comparison of the model on day 3 to 21 against

baseline on day 1.
7.2.4.4.4 Heatmap of DEGs

Heatmaps of DEGs were created using the z scores of each gene and GraphPad Prism
v10. The z score represents the gap between a data point and the mean of a dataset,

and is expressed in terms of standard deviations. It is calculated with equation 7.1.

Normalised mRNA counts were used throughout. For each target gene, x represents
the datapoint for which the Z score is calculated for, and p and ¢ are the mean and
standard deviation of mRNA counts of the target gene across all timepoints and

conditions.

X-l x = mRNA count
K = mean of mRNA count
o = standard deviation of mMRNA count

Equation 7-1 Z score =
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7.2.4.4.5 Analysis of DEGs overlap over time

The degree of overlap of DEGs during the time course of the model characterisation
study was illustrated using DiVenn, an online visualisation tool (available from
https://divenn.tch.harvard.edu)®*°. This produces clusters of DEGs based on the

timepoints at which the genes were differentially expressed.
7.2.4.4.6 Functional enrichment analysis with protein-protein interactions

Network visualisation was performed to demonstrate known and predicted protein-
protein interactions (PPI) using the STRING database v12. The STRING database
encompasses over 59 million proteins across many organisms. Both physical or direct
PPIs, as well as functional interactions (i.e. proteins which interacts without physically
binding), are evidenced, with data sources benchmarked against the KEGG pathway

maps>!,

DEGs were first converted to Ensembl gene IDs (ENSG) using the online g:Convert
function of g:Profiler (available from https://biit.cs.ut.ee/gprofiler/convert). The

ENSGs of all DEGs were then inputted into the online STRING database using the

multiple proteins setting (available from https://string-db.org/cgi/input?sessionld

=behMcCHgl4VH&input page active form=multiple_identifiers). Settings selected

were homosapiens, clustering to k-means with a high confidence threshold (0.700) and
textmining off, in accordance with advice from lain Perry, a bioinformatician. This

resulted in a human-relevant PPI network based on the experimentally defined DEGs.

To further annotate this network, the STRING output was exported to Cytoscape, a

bioinformatics software platform (available from https:/cytoscape.org). GO terms

were mapped to the PPI network, and redundant GO terms removed using the ClueGO
Cytoscape add-on*32, The thickness of linkage lines of the network corresponds with
the STRING ‘combined’ scores. This denotes the confidence in the interaction, i.e.
how strongly STRING deems an interaction to be true based on its evidence base. It

does not indicate the strength or specificity of the PPI.
7.2.4.4.7 Over-representation analysis
Over-representation analysis (ORA) is a widely applied method to detect statistically

significantly enriched biological pathways from large scale gene expression data by
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linking genes to known biological pathways. An ORA compares the DEGs against pre-
defined gene sets of numerous known biological pathways, and assesses if the DEGs
are disproportionately represented in a pathway compared to a random selection of

genes. l.e. If the DEGs are over-represented than what would be expected by chance.

The g:Profiler is an online platform with multiple functions for the characterisation
and manipulation of gene lists (available from https://biit.cs.ut.ee/gprofiler/gost). It
utilises varied data sources encompassing biological pathways (KEGG, Reactome and
WikiPathways), regulatory motif matches (TRANSFAC), tissue specificity (Human
Protein Atlas), protein complexes (CORUM) and human disease phenotypes (Human
Phenotype Ontology) **3. The g:GOSt function was used to undertake the ORA using
an unordered list of DEGs, separated into those which were up- or down-regulated.
DEGs were converted to Ensembl gene IDs and inputted into the g:GOSt function.
Default settings were used whilst selecting for homo sapiens. The term size was
adjusted to between 1 and 1000 to produce more discrete pathway terms. The GO terms

output was then exported to ReviGO (available from http://revigo.irb.hr). It served to

condense multiple GO terms which essentially define the same pathway into an
overarching term*3*, In addition, the intersection ratio was calculated for the top 10
GO terms for the up- and down-regulated DEGs. This represents the number of DEGs
divided by the number of genes for each GO term. Therefore, an intersection ratio of
1 implies that the DEGs encompasses the entire gene set (100%) for a particular GO

term.
7.2.4.4.8 Log fold change of RNA count over time

The normalised RNA transcript count or log2 fold change over time are visualised
using GraphPad Prism v10. In addition to the data from the co-culture model in optimal
culture conditions, data from the C20A4 monoculture models and comparison between

the augmented and optimal culture media regime are shown.
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7.3 Results and Discussion

The results from this chapter is divided into three sections: i) pilot testing of RNA
extraction, ii) optimisation of RNA extraction and iii) characterisation of advanced 3D

in vitro model with gene expression analysis with Nanostring.
7.3.1 Results of pilot testing of RNA extraction

The initial homogenisation step using trypLE and mechanical disruption was adapted
from an RNA extraction protocol intended for organoids due to the parallels of cell
encapsulation within a material. This proved successful in breaking down the cross-

linked hydrogel with live cells seen under light microscopy (figure 7.6A/B).

A key difference between the samples when compared to the organoids was the use of
Matrigel in the organoid creation. This accounts for the lack of phase separation
between material and cells and therefore the lack of a cell pellet with the samples.
Matrigel is a commercially available reconstituted basement membrane preparation
developed from mouse sarcoma, and is commonly applied in 3D cultures systems. It
is in liquid state at 4°C, but gels at 22-37°C (i.e. at room and physiological
temperatures). When centrifugation is performed at 4°C, the Matrigel returns to its
liquid state during centrifugation, thereby supporting cell and material separation and
cell pelleting. On the other hand, the partially homogenised bio-ink does not have this
property and centrifugation alone did not separate the bio-ink and encapsulated cells

(figure 7.6B).

Nonetheless, pilot testing continued with the trial of firstly a protocol intended for 2D
cell culture, and subsequently one intended for organoid DNA and RNA extraction.
Two commercial RNA kits were tested, with the core difference being the added DNA
spin column application in the second trial. Clogging of the spin column membrane
was noted with both kits. It was found that the use of the DNA spin column filtered
bio-ink material with RNA content contained within the flow-through, leading to

successful RNA extraction.

In part, because of the anticipated low yield, the spin column technique for RNA
extraction was preferred over the use of the TRIzol reagent, another widely used RNA
extraction technique. The former minimises user-dependent variability and therefore

reduce potential errors which may impact RNA yield, including its purity and quality.
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The first trial of RNA extraction was based on protocols for 2D cell cultures, utilising
the Qiagen QIAShredder and RNeasy kit for homogenisation and RNA extraction,
respectively. Clogging of the RNeasy spin column membrane was seen with residual
sample above the membrane after centrifugation. Repeated centrifugation in the same
spin column was successful in ensuring complete sample flow-through across the spin
column membrane, but quantification with the NanoPhotometer showed no
measurable RNA. As RNA is captured by and eluted from the RNeasy column
membrane, it is likely that the bio-ink residual has deposited on the membrane and

negatively impacted on RNA capture and elution.

The second RNA extraction protocol trialled was intended for organoid cultures. It
differed from the first protocol with homogenisation by repeated passage via a 21G

needle, the addition of B-mercaptoethanol to the lysis buffer and the use of the AllPrep

A) B)

L

o\

Figure 7.6 Pilot testing results. (4) Breakdown of cross-linked pellet upon application of TrypLE and
mechanical agitation. (B) Erythrosin B assay of cell suspension after application of TrypLE and mechanical
agitation. Scale bar = 300um. (C) Evidence of clogging of spin column membrane with residual sample above
membrane. (D) Agarose gel electrophoresis RNA and DNA. Top row is the RNA/DNA ladder, and bottom row
is the sample (white arrow). N=1.
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DNA/RNA Kit. As described in section 7.2.3.1.5, the AllPrep DNA/RNA kit involved
the passage of biological sample through the DNA column initially, with DNA
captured in the DNA column membrane. The flow-through containing RNA was then
passed through the RNA column, where RNA was captured in the column membrane.
Although the RNA spin columns from both Qiagen kits used in pilot testing were the
same, the reason that RNA extraction was successful with the AllPrep kit was likely
because the DNA column membrane served to filter the bio-ink material. Clogging of
the DNA column was seen, in the same manner as with the RNA column in pilot testing
1 (figure 7.6C). The transfer of the residual sample that has not flowed through to a
new DNA column for centrifugation, rather than repeating centrifugation is also a
crucial step. In combination, this permitted full utilisation of biological sample, and no
clogging of the RNA column membrane was seen as in pilot test one. A satisfactory
quantity and quality RNA were eluted. Quantification with qubit showed 500ng RNA
and integrity assessment using gel electrophoresis showed two clear ribosomal bands,
albeit faint due to low quantity (figure 7.6D). DNA was non-detectable on gel
electrophoresis. In conclusion, methodologies from pilot test two were then taken

forward for optimisation.

7.3.2 Experiment 1: Phase separation by centrifugation

Phase separation by centrifugation was first trialled to achieve a purer cell sample.
This is important to reduce residual bio-ink interference of downstream procedures
and assays. The magnetic-activated cell sorting (MACS) was intended to support cell
sorting, and residual bio-ink may block the MACS LS columns through which the cell

suspension pass through for cell isolation.

A range of centrifugation forces tested (300, 600, 1200 and 2400G for 5 minutes) all
failed to produce a cell pellet. Visualisation with the erythrosin B exclusion assay
confirmed the lack of material and cell separation (figure 7.7). Under light microscopy,

live cells were seen alongside copious amount of bio-ink material.

Interestingly higher centrifugation forces were associated with greater amount of bio-
ink material. Whilst the goal of applying higher centrifugation forces was to bring the

denser cells to pellet at the base, it appears that higher forces were associated with a
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Figure 7.7 Experiment 1: phase separation by centrifugation. Light microscopy with erythrosin B assay applied
to cross-linked pellet treated with trypLE and mechanical agitation. Inset image showed cell and/or material
suspension following centrifugation, with arrow denoting cell pellet (A) or level of phase separation (B-F). In C),
images of suspension before and after supernatant is removed are shown to more clearly demonstrate level of
phase separation. A) Cell only 300G using 2D chondrocyte monoculture. B) Material only 300G (cross-linked
hydrogel disc). C-F) Consists of cells and materials. Centrifugation speed for each were: C) 300G, D) 600G, E)
1200G and F) 2400G. Scale bar = 300um. N=1.

more concentrated amount of bio-material in the denser portion. As such, 300G was

chosen for future work, with the most favourable ratio of cells and residual bio-ink,

although further optimisation was indicated to further reduce material interference.
7.3.3 Experiment 2: Effect of mesh sizes of cell strainers

The use of cell strainers was recommended for clinical tissue samples prior to MACS
application to minimise the clogging of LS columns. As such, experiment 2 evaluated
its application with the advanced 3D in vitro models and included the trial of various

mesh pore sizes.

Overall, the cell and material suspensions passed through each cell strainer rapidly
with no gross amount of material collected above the mesh. However, a marked
reduction in both cells and material was seen with the use of 40um cell strainer under
microscopy (figure 7.8D). This likely accounts for the similar result with the serial

application of strainers (figure 7.8E). The differences between the 250um and 70pum
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Figure 7.8 Experiment 2: effect of mesh size of cell strainers. Light microscopy with erythrosin B assay applied
to cross-linked pellet treated with trypLE and mechanical agitation, and a variety of cell strainers. A) No cell
strainer. B) 250um. C) 70um. D) 40um. E) Serial - 250um, 70um, 40pum. Scale bar = 300um. N=1.

cell strainer, and when no cell strainer was used were relatively subtle. Due to known
challenge of low RNA yield, the use of 40um was excluded as it will reduce RNA

quantity significantly. Both the 250pum and 70um cell strainer was taken forward for
further testing.

7.3.4 Experiment 3: Combination of cell strainer with MACS

To permit MACS, the selection of a suitable CD marker was assessed with flow
cytometry. Subsequently, the results of its application together with cell strainers were

discussed.
7.3.4.1 Flow cytometry

The expression of three CD markers were evaluated. The expression of CD44 was
observed in both cell types, although more pronounced in fibroblast (figures 7.9B +
7.10G) compared with the chondrocytes (figures 7.9A + 7.10G). Although CD15 was
selected for the isolation of fibroblast, its expression was not detected in fibroblast

(figures 7.9E + 7.10H), nor chondrocytes (figures 7.9D + 7.10H). On the other hand,
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CD340 was chosen to isolate chondrocytes. It was found to be dually expressed by

both cell types, with comparable MFI observed between both fibroblast

(figures 7.9H + 7.101) and chondrocytes (figures 7.9G + 7.10I).

C20A4 @ HFF1 Co-culture @

A) B) C)
CD44
jm‘ ": "10‘ ImS "\o" 'm‘ ": "xo‘ -'105 -'106 Im‘ ": "10‘ "lxos -'106
D) E) F)
CD15 | I '
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Figure 7.9 Histograms of CD44, CD15 and CD340 expression on C2044, HFF-1 and as a co-culture. The
expression of CD44 (top row), CD15 (mid) and CD340 (bottom) was determined using flow cytometry. Both single
cell types (left — chondrocytes C2044; mid — fibroblast HFF-1) and mixed cell types mimicking co-culture cell
suspension (right) were tested. N=1.

Taken together, the CD44 and CD340 could be used to positively select both
chondrocytes and fibroblasts for MACS purposes. Due to its higher levels of
expression, and availability of antibody-specific MACS microbeads, CD44 was
selected for further testing. Based on the flow cytometric data, the tested CD markers
was not suitable for use in the isolation of single cell types. Nonetheless, MACS was

further tested for its potential to reduce bio-ink residuals to improve RNA yield.
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Figure 7.10 Expression of CD44, CDI15 and CD340 on chondrocytes and fibroblast. The median fluorescence
intensity of CD44, CD15 and CD340 were determined using flow cytometry of chondrocytes (C2044), fibroblasts
(HFF-1) and as a co-culture. N=1.

7.3.4.2 Combination of cell strainers with MACS

Building on from experiment 2 which tested various mesh pore sizes of cell strainers,
with the exclusion of 40um, experiment 3 tested four conditions: 1) no cell strainer, ii)
250um, iii) 70pum and iv) serial cell strainers with 250pum then 70um, all followed by
MACS using CD44 for positive selection.

The variance of the time required for samples to pass through the MACS LS columns
was immediately apparent depending on the mesh sizes of the cell strainers. The
shortest passage was under 30 minutes, with the serial application of cell strainers of
250pum and 70pum (figure 7.11E). The second fastest was with 70um strainer alone,
followed by 250um. The slowest passage lasted approximately 2 hours 30 minutes,
where no cell strainer was used. In contrast, when tested using chondrocytes cell

suspension from 2D culture only, i.e. without bio-ink, the duration for passage through
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the MACS column was only 3 minutes (data not shown). This indicates the direct effect

of the bio-ink in the prolonged duration required.

Inspection of the cell suspension achieved with MACS using the erythrosin B
exclusion assay revealed a significant reduction in bio-ink material following MACS.
However, this was associated with reduced cell numbers also, with no gross difference
between the three combinations of cell strainers (figure 7.11B-D). Interestingly, the

sample without cell strainers showed the least amount of bio-ink material when

processed through MACS (figure 7.11A).

With no superiority between different cell strainer options based on light microscopy
imaging, the serial application of cell strainers with 250um and 70pum was chosen for
subsequent experiments because it led to the shortest duration required for passage
through the MACS column. This implies reduced residual bio-ink material which will
be beneficial for downstream assays. The reduction in cell processing time would also
limit potential negative impact on cells when outside of culture conditions prior to

RNA extraction.
7.3.5 Experiment 4: Comparison of pre-conditions for optimal RNA yield

Building on previous work, experiment 4 in step 3 (Figure 7.3) aimed to compare the

following three conditions of sample preparation for RNA extraction:

1) Sample preparation with trypLE and mechanical disruption (step 1 in Figure 7.3;
section 7.2.3.1.1);

2) Same as (1), with the addition of serial applications of cell strainers of 250um and

70um (based on results from experiment 2);

3) Same as (2), with the addition of using MACS with CD44 microbeads for positive

cell selection (based on results from experiment 3).

The three pre-conditions were assessed quantitatively based on RNA yield. In terms of
RNA quantity, despite two outliers (one each in condition 1 and 2), sample preparatory

pre-condition 2 was superior, providing the maximal RNA yield (figure 7.12A).
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Figure 7.11 Experiment 3: combination of cell strainer with MACS. A-D: Light microscopy with erythrosin B
assay applied to samples processed through a variety of cell strainers followed by MACS using CD44. A) No cell
strainer. B) 250um. C) 70um. D) 250um and 70um serially. Scale bar = 300um. N=1. Image E shows the
variable sample volumes above MACS LS columns at 30 minutes, denoted by arrows. The letters (A-D)
corresponds to the cell strainers used for light microscopy imaging. This demonstrates the different rate at which
samples pass through columns, and in order of quickest to slowest: 1) 250um and 70um serially, 2) 70um, 3)
250um and 4) no cell strainer.
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In terms of sample purity, this was assessed using the A260:A280 and A260:A230 ratio
as determined with the NanoPhotometer. The common wavelength is based on the
peak absorbance of nucleic acid at 260nm. Conversely, proteins and organic
compounds with phenol groups absorb UV light strongly at 280nm, whilst organic
compounds such as phenol, TRIzol and chaotropic salts absorb light at 230nm. As
such, the A260:A280 ratio is used to determine protein contamination of RNA
samples. Pure RNA samples would carry an A260:A280 ratio of around 2.0, with a
lower ratio indicating contamination. The A260:A230 ratio, on the other hand,
indicates organic contaminants of compounds described above. Values of less than 1.8
indicates marked contamination and is likely to adversely impact downstream
processes including reverse transcription, although this is not required for the

Nanostring application.

The A260:A280 ratio was overall satisfactory indicating no significant protein
contamination, although heightened variance with samples treated with pre-condition
3 was noted (figure 7.12B). However, a markedly low A260:A230 ratio was seen
across all samples (figure 7.12C). This indicates contamination with organic
compounds which could include phenol, TRIzol and salts and will require addressing.
Although not formally tested, guanidine thiocyanate contained within the lysis buffer

of the AllPrep DNA/RNA Mini Kit lysis could be a source of contamination.

Based on these results, sample preparatory condition 2 (trypLE and mechanical
disruption followed by serial cell strainers application without MACS) was selected

for further testing. For future work, further optimisation to incorporate MACS would
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Figure 7.12 Experiment 4: RNA quantity and purity between three pre-conditions for RNA extraction. Prior to
RNA extraction, 3D monoculture models with chondrocytes were treated as follows: Condition 1 - sample treated
with tryple and mechanical agitation. Condition 2 — sample treated as condition 1, with subsequent passage serially
through cell strainers of 250um and 70um mesh sizes. Condition 3 — sample treated as condition 2, with subsequent
positive cell selection with MACS using CD44. Mean£SEM is presented in A-C. N=3. A) RNA extracted were
quantified using Nanodrop. Horizontal dotted line denotes RNA quantity of 50ng, which was the recommended
amount for Nanostring application. B+C) RNA purity was assessed with nanodrop ratios A260:4280 and
A260:4230, which are presented in B and C respectively. Horizontal dotted line denotes the minimum desired ratio
value of 1.8.
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be beneficial due to the ability to cell sort and to isolate the chondrocyte and fibroblast
cell populations for downstream assays. Due to time and resource constraints, the
MACS strategy was not taken further. Cell dissociation is the procedural element most
likely to impact the success of MACS. Alternative strategies for further testing may
include alternative cell dissociation reagents, methods to dissolve cross-linked

hydrogel and clinical tissue cell extraction protocols.
7.3.6 Experiment 5: Comparison of single versus double RNA elution

Experiment 5 entailed the testing of double-elution of RNA to achieve a higher yield
as recommended as an optional step with the Qiagen AllPrep DNA/RNA kit (section
7.2.3.2.5). As anticipated, double elution increased RNA yield for all samples tested
(figure 7.13A). The mean percentage increase in RNA quantity following double
elution was 121.1%, with SEM of 53.8%. As such, this optional step was included in
the optimised RNA extraction protocol as standard. The assessment of purity ratios
A260:A280 and A260:A230 displayed little change before and after double elution
(figure 7.13B/C). The need to reduce organics contamination remained, reflected by a

low A260:A230, and are described in the next section.
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Figure 7.13 Experiment 5: single vs double RNA elution. RNA extracted from 3D monoculture models with
chondrocytes were evaluated by nanodrop before and after double elution. Mean#SEM is presented. N=9. A) RNA
quantity in ng. Horizontal dotted line represents 50ng, the recommended amount for Nanostring application. B+C)
A260:4280 ratio and A260:4230 ratios respectively. Horizontal dotted lines represent ratio value of 1.8, the
minimum recommended value for RNA purity.

7.3.7 Experiment 6: Ethanol precipitation

The effect of ethanol precipitation was assessed in experiment 6. This aimed to: 1)
increase RNA concentration, and ii) improve purity as measured by A260:A230. For
the application of Nanostring, RNA concentration of 12ng/ul was required (total 60ng
in 5ul). Whilst total RNA quantity from a single sample was sufficient, the RNA
concentration was often less than 12ng/pl and below what was needed, therefore

requiring concentration. Regarding RNA purity, the mean A260:A230 following
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double elution was 0.03 (SEM 0.01). This was far below the ratio value of 2.0 expected
of pure RNA, and with uncertain downstream impact against Nanostring application,

required improvement.

Ethanol precipitation was successful in achieving both aims. Whilst an attrition of
RNA quantity was seen, with a 3.1-13.3 percentage loss of RNA yield following
ethanol precipitation (figure 7.14A), the required higher RNA concentration was
achieved (figure 7.14B). An improved A260:A230 ratio was also realised, with no
adverse changes to the A260:A280 ratio (figure 7.14C/D).

Experiment 6 concludes the series of tests for the optimisation of the RNA extraction
process. In summary, an optimised sample preparation, RNA extraction and ethanol
precipitation protocol was produced and is detailed in section 5.8.4.3 in the SOP in
appendix 1. This protocol was used for all samples intended for Nanostring
application, and was inclusive of all steps from the point of harvest and up to but not

including quality control testing of samples which will be described next.
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Figure 7.14 Experiment 6: effect of ethanol precipitation. RNA extracted from 3D monoculture models with
chondrocytes were evaluated by nanodrop before and after ethanol precipitation. Mean£SEM is presented. N=3. A)
RNA quantity in ng. Horizontal dotted line represents 50ng, the recommended amount for Nanostring application.
B) RNA concentration in ng/ul. Horizontal dotted line represents 10 ng/ul, the recommended concentration for
Nanostring application. C+D) A260:A280 ratio and A260:4A230 ratios respectively. Horizontal dotted lines
represent ratio value of 1.8, the minimum recommended value for RNA purity.
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7.3.8 Trial of RNA extraction for HFF-1 3D monoculture model

With a finalised RNA extraction protocol based on experimental studies using the
chondrocyte monoculture 3D model, the protocol was applied to the fibroblast
monoculture model to determine its feasibility. A foreseen challenge was the low yield
with fibroblast due to the ten-fold reduction in cell numbers between the two cell types
in the co-culture model. The cell numbers seeded per pellet were 1x10° for

chondrocytes and 1x10* for fibroblasts.

Following an initial non-detectable level of RNA with a single sample, the pooling of
ten samples was tested. The RNA extraction as per the SOP was followed, except to
reduce the number of spin columns used, the maximum volume of sample was added
to the DNA and RNeasy spin columns. Nine RNA spin columns were used. RNA
extracted from each RNeasy column were evaluated individually following the step of
double elution. It was assessed with the NanoPhotometer only to reduce sample
attrition. The results are shown in table 7.5. RN A quantity was variable across samples,
with an inconsistent A260:A280 including multiple negative values which contrasts
with past experience with chondrocytes. It was deemed that RNA quantity fell below

the detection range of the NanoPhotometer yielding unintelligible results.

Table 7.5 RNA quantity and purity from fibroblast monoculture model assessed with Nanodrop.

RNeasy column Concentration Quantity A260:A280 A260:A230
(ng/pl) (ng)
1 0.32 12.8 0.615 0.003
2 1.32 52.8 6.60 0.005
3 2.20 88 -55 0.011
4 0.28 11.2 0.538 0.002
5 1.44 57.6 1.895 0.012
6 0.08 32 0.40 0.002
7 1.16 46.4 -5.80 0.02
8 0.52 20.8 -6.50 0.009
9 0.28 11.2 0.875 0.005

Therefore, the nine RNA samples were pooled, vortexed to mix and re-assessed with

the NanoPhotometer. This yielded an RNA concentration of 1.08ng/ul in 310ul,

296



equating to a total of 334.8ng. Both purity ratios were sub-optimal with an A260:A280
of -6.75, and A260:A230 of 0.008.

Ethanol precipitation was then performed immediately with the pooled RNA sample.
The resultant RNA pellet was much different to that extracted from the chondrocyte.
The pooled fibroblast sample produced a larger pellet with a jelly-like appearance

(figure 7.15), which required over 3 hours to air dry prior to re-constitution.

In order to achieve the desired RNA concentration of 10ng/ul required for Nanostring
application, the RNA pellet was reconstituted in 20ul of RNase-free water. The
resultant RNA was viscous, to an extent that it could not be reliably transferred using
a 10ul pipette despite the use of reverse pipetting. Nonetheless, assessment with the
NanoPhotometer demonstrated an RNA concentration of 2.32ng/ul, equating to
46.4ng, and A260:A280 and A260:A230 values of 2.32 and 0.095 respectively.
However, multiple factors including the variable and sub-optimal purity ratios
suggestive of the presence of contaminants, together with a low RNA quantity at the
cusp of the NanoPhotometer’s detection range, were expected to impact the accuracy
of quantification with such a spectroscopy-based technique. Quantification using the
Qubit RNA High Sensitivity assay, a more accurate fluorescence-based quantification

techniques, showed non-detectable levels of RNA from the pooled sample.

Figure 7.15 RNA pellet following ethanol precipitation prior to reconstitution. Image illustrates the
relatively large and viscous consistency of RNA pellet from pooled RNA samples from ten fibroblast
monoculture 3D models. N=1.

As such, a more sensitive fluorescence-based RiboGreen assay with a detection range
of 0.1-5ng/ul, was used to quantify the RNA content of the pooled fibroblast sample.
The RNA concentration of ten pooled fibroblast monoculture 3D in vitro models was
0.14ng/ul in 50ul, equating to 7.1ng, far below the recommend minimum quantity of

50ng for Nanostring applications. Therefore, it was concluded that it was not feasible
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to extract RNA reliably from the fibroblast monoculture models and they were

excluded from the gene expression testing with Nanostring.
7.3.9 Quality control evaluation of RNA samples for Nanostring

Table 7.6 and figure 7.16 summarises the QC data of the 60 samples used in the
Nanostring assay. Overall, QC parameters following ethanol precipitation were all
within the recommended range for use with Nanostring. There was sufficient quantity
of RNA from each individual sample as quantified with the Qubit assay (figure 7.16B).
The integrity of the RNA was very good with a RIN above 8 on average (figure 7.16C)
and the DV200 far exceeded the recommended threshold from Nanostring of >50%
(figure 7.16D). The purity of samples was also satisfactory and above 1.8 for both
A260:A280 and A260:A230 (figures 7.16E/F).

Table 7.6 Quality control outcomes of RNA intended for Nanostring application. Mean#SEM. N=3.

Ethanol precipitation
Pre- Post-

Quantity (ng) Nanodrop 7223 +73.6 597.5+63.4

Qubit - 673.3+75.4
Integrity RIN - 8.5+0.1

DV200 - 92.6 0.7
Purity A260:A280 2.10£0.02 1.96 £0.02

A260:A230 0.21£0.03 1.83 £0.05

The QC data for each sample used with Nanostring, including values pre- and post-
ethanol precipitation are shown in figures 7.17, 7.18 and 7.19. A spread of RNA
quantity was seen (figure 7.17B) which was not related to the duration of culture.
Nonetheless, RNA extracted by the optimised protocol demonstrated good RNA
integrity throughout. Contaminants affecting the A260:A230 purity ratio was much
improved with ethanol precipitation, although there remained some variability (figure

7.19B).

Advice sought directly from Nanostring suggested that the assay is compatible with
RNA of a wide range of quality conditions, with emphasis placed on standardisation

of RNA input quantity and a minimum DV200 value of 50%. Increased input quantity
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was recommended should DV200 falls below the recommended level, although this

was not the case with the sample set (figure 7.18B).
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Figure 7.16 Quality control assessment of RNA samples for Nanostring application. Samples include
chondrocyte monoculture and co-culture with the addition of fibroblast, in ETC:Alginate:HA, covering
timepoints day 1, 3, 5, 7, 14, 21. Mean#SEM is presented. N=3. A) RNA quantity in ng before and after ethanol
precipitation, as measured by nanodrop. B) RNA quantity in ng following ethanol precipitation as measured
with nanodrop and qubit assay. C) RNA Integrity Number (RIN) and D) DV200, both measured by Agilent 2000
bioanalyzer. E) A260:A280 and F) A260:A4230, both measured by nanodrop.
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Figure 7.17 RNA quantification for Nanostring application. Individual quantification values of all samples
of RNA extracted from 3D in vitro models used in Nanostring is presented. Samples include chondrocyte
monoculture and co-culture with the addition of fibroblast, covering timepoints day 1, 3, 5, 7, 14, 21 and 3
biological repetitions. A) RNA quantity in ng before and after ethanol precipitation, as measured by nanodrop.
B) RNA quantity in ng following ethanol precipitation as measured with nanodrop and qubit assay. Horizontal
dotted lines in A + B represent 50ng, the recommended amount for Nanostring application.
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Figure 7.18 RIN and DV200 of RNA samples used in Nanostring. Individual RNA integrity measurements of
all samples of RNA extracted from 3D in vitro models used in Nanostring, following ethanol precipitation, is
presented. Values were measured with the Agilent 6000 bioanalyser. Samples include chondrocyte monoculture
and co-culture with the addition of fibroblast, covering timepoints day 1, 3, 5, 7, 14, 21 and 3 biological
repetitions. A) RNA Integrity Number (RIN) is presented. Horizontal dotted line denotes RIN score of 7, above
which reflects good quality RNA. B) DV200 is presented, where horizontal dotted lines represent 60% , the
recommended minimum threshold for Nanostring application.
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Figure 7.19 RNA purity assessment for Nanostring application. Purity assessments, A260:A280m and
A260:4230 measured by nanodrop, of all samples of RNA extracted from 3D in vitro models used in
Nanostring, before and after ethanol precipitation, is presented. Samples include chondrocyte monoculture
and co-culture with the addition of fibroblast, covering timepoints day 1, 3, 5, 7, 14, 21 and 3 biological
repetitions. A) A260:4280 is presented. B) A260:4230 is presented. Horizontal dotted line denotes ratio
value of 1.8.
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7.3.10 Differential gene expression analysis for global response assessment

The Nanostring 10360 panel assessed 770 genes across 25 biological functions as
defined by Nanostring. Differential gene expression analysis was performed for the
characterisation of the advanced 3D in vitro co-culture model in optimal culture media
condition. Comparison was made of models in day 3 to day 21 of culture, compared
to baseline on day 1. Seventy-seven DEGs were identified across the study period,
representing 10% of all genes investigated. DEGs were visualised in volcano plots
which demonstrated a clear trend of increasing numbers of both up and down-regulated
DEGs over time, with up-regulated DEGs outnumbering those which were down-

regulated throughout the timecourse study (figure 7.20).

To denote biological significance of the DEGs, it is helpful to consider the biological
processes in which the DEGs were involved in. The Nanostring pathway scores offer
a high-level overview of changes to genes within a pathway, although it is worth noting
that the gene set per pathway was defined by Nanostring specific to the panel selected.
Although the 10360 panel was geared towards the investigation of immune-oncology,
it offered the maximum coverage of over 50 potential genes of interest identified from
the literature relating to nanocellulose-based biomaterial for cartilage tissue
engineering. Examination of the pathway scores revealed that the vast majority of
pathways were enriched compared to baseline on day 1 (figure 7.21). This mirrors the

dominance of up-regulated DEGs seen in the volcano plots (figure 7.20).
7.3.10.1 Nanostring pathway scores and pathway heatmap

Two pathways (cell proliferation and DNA damage repair) demonstrated initial
negative pathway scores indicating reduced expression in the pathway genes during
the acute timepoints. Cells in the advanced 3D in vitro model by default was subjected
to much cell handling. This included trypsination for cell harvest from 2D culture,
mechanical stress from mixing of the cell suspension with the bio-ink (in particular for
chondrocytes) and chemical exposure to the cross-linker CaCl, during model creation.
The reduced pathway score for cell proliferation on day 3 and day 5 when compared
against day 1 may reflect the lag phase of cell growth where cells were acclimatising
to the new culture condition following cell disturbance during model creation, and

therefore demonstrating limited cell division. This is consistent with a relatively static
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Figure 7.20 Differentially expressed genes in human chondrocytes and fibroblast in a nanocellulose-based
advanced 3D in vitro co-culture model over 21 days. Gene expression from day 3 to day 21 was compared
against day 1 as baseline using the Nanostring nCounter® 10360 panel. Differentially expressed genes (DEGs)
were defined as log?2 fold change >1.5 (pink) or <-1.5 (blue) with a p.s; <0.05. Non-DEGs are illustrated in
grey. Vertical dotted lines denote log2 fold change 1.5 or -1.5, and horizontal doted lines indicates a -logl0 p
value of 1.3 (p<0.05), 2 (p<0.01) and 3 (p<0.001). N=3.
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RFU on day 2 and 3 with the Alamar Blue assay from chapter 6 (figure 6.3). Similarly,
the increased cell proliferation pathway score at latter timepoints mirrored the rise in

RFU confirming increased cellular metabolic activity associated with cell

proliferation.
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Figure 7.21 Pathway scores of advanced 3D in vitro co-culture model with chondrocyte and fibroblast over
time. Gene expression analysis was performed using the Nanostring nCounter 10360 panel. Day 3 to 21 were
compared to baseline on day 1. Pathway scores were calculated as the first principal component of the normalised
expression of genes of each pathway. Increased scores signify pathways most perturbed and indicates increased
expression compared to baseline. Highlighted pathways denote those where DEGs represented >15% of genes in
each pathway. N=3.
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Most pathways displayed a relatively flat trend in their pathway score over time,
indicating that gene expression was increased from day 1 to day 3, but remained
relatively consistent thereafter until day 21. However, pathway enrichment was seen
with a rising pathway score at chronic timepoints (day 14-21) with cytotoxicity,
hypoxia, interferon signaling and metabolic stress pathways. Table 7.7 ranks the 25
Nanostring pathways in accordance with the number of DEGs represented within each
defined gene set. This further highlight JAK-STAT and co-stimulatory signaling as
pathways of interest which were enriched at chronic timepoints. The matrix
remodelling and metastasis pathway also contained a high number of DEGs and merits
further investigation. As an in vitro model mimicking cartilage tissue engineering,

increased gene expression relevant for ECM production is a desirable feature.

Table 7.7 Pathways ranked by the number of differentially expressed genes using the Nanostring 10360 panel.
Differential gene expression analysis was performed of day 3 to 21 against baseline on day 1. DEGs were defined
as log? fold change of >2.5/<-1.5. N=3.

Pathway No. of | No. of Pathway No. of | No. of
DEGs | genes in DEGs | genes in
pathway pathway
Interferon signaling 14 64 Angiogenesis 5 35
Cytotoxicity 13 52 Apoptosis 5 38
Lymphoid compartment 9 84 Cell proliferation 5 50
Metabolic stress 9 84 Cytokine and chemokine 4 96
JAK-STAT signaling 8 58 signaling
Matrix remodelling + 8 55 MAPK 4 76
metastasis NK-«kB signaling 4 33
Co-stimulatory signaling 7 88 TGF-p signaling 4 21
Hypoxia 7 43 Antigen presentation 3 61
PISK-Akt 7 100 Notch signaling 3 25
Immune cell adhesion 6 88 Autophagy 2 23
and migration DNA damage repair 1 34
Myeloid compartment 6 75 Epigenetic regulation 1 17
Wt signaling 6 33 Hedgehog signaling 1 21

To further contextualise the observed DEGs, a heat map was created to simultaneously
display their up- or down-regulation over time and groupings based on the Nanostring
pathways (figure 7.22). Each small square represents a single sample, with three

biological replicates per timepoint. Overall, the data displayed a good degree of
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consistency across biological replicates, with Wnt2B showing greater variability on

day 5.

The DEGs involved in the four pathways which displayed increased pathway scores
at chronic timepoints was considered next with respect to the pathway heatmap. It was
interesting to note that DEGs relevant for interferon signaling displayed maximal up-
regulation around day 7 and 14, heralding that seen in cytotoxicity, hypoxia and
metabolic stress on day 14 and 21. At even earlier timepoints, DEGs in the co-
stimulatory signaling and JAK-STAT signaling pathways were noted to be most up-
regulated between day 3 and 7.

Whilst the majority of DEGs within the cytotoxicity, hypoxia and metabolic stress
pathways were up-regulated at chronic timepoints, a handful of DEGs were up-
regulated in the acute period (day 3-5) suggestive of varying mechanistics at play
between the acute and chronic time period. Such DEGs included LIF, BBC3, CDKNI1A4
and CDKN2B (figure 7.22).

7.3.10.2 Influence of time on DEGs

Therefore, to better visualise the influence of time on all DEGs identified across the
21 day study period, DiVenn, a web-based visualisation tool was used to create a
modified version of a Venn diagram to illustrate how DEGs clustered based on time.
Unsurprisingly, the largest clusters were found on day 14 and 21, and day 21 alone
(figure 7.23). Of the 77 DEGs, only three genes were consistently differentially
expressed throughout the 21 day study period. The majority (39 out of 77) were
differentially expressed only at chronic timepoints (day 14 + 21). A relative minority
was differentially expressed acutely between day 3 and day 7 (16 out of 77), with the
remaining 19 DEGs variably differentially expressed across the 21 days. It was also
observed that only 2 out of 77 DEGs were variably up- and down-regulated over time,
leaving the vast majority being consistently up- or down-regulated throughout the
study period when deemed statistically significant. Taken together, this indicates that
different biological processes were activated or at play at different times with a clear

distinction between acute and chronic timepoints.

Thus far, the high-level overview and data visualisation served to identify several
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Figure 7.22 Heatmap of differentially expressed genes (DEGSs) with human chondrocytes and fibroblast in a
nanocellulose-based advanced 3D in vitro co-culture model over 21 days. The advanced 3D in vitro model consists
of human chondrocyte(C2044)-encapsulated and human fibroblast(HFF-1) surface-seeded cross-linked
nanocellulose-based bio-ink with alginate and hyaluronic acid additives. Gene expression from day 3 to day 21
was compared against day 1 as baseline using the Nanostring nCounter®Analysis System. Differentially expressed
genes (DEGs) were defined as log2 fold change >1.5/<-1.5 with a pa.q <0.05, and presented as z-scores and
functionally annotated in accordance with the Nanostring 10360 panel. Red indicates up-regulation and blue
represents down-regulation. N=3.

biological functions including interferon signaling, cytotoxicity, hypoxia and
metabolic stress as enhanced on day 14 and 21 as compared to baseline on day 1.
Expression of genes relevant to cell proliferation was found to be reduced on day 3-5
prior to an increase at latter timepoints, corroborating with cell metabolic data

indicating enhanced cell proliferation between day 7-21. The matrix remodelling and
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metastasis pathway was also enriched, which may be of particular relevance with

regards to ECM production in cartilage regeneration.
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Figure 7.23 Overlapping differentially expressed genes in advanced 3D in vitro co-culture model across time.
Gene expression from day 3 to day 21 were compared against day 1 as baseline using the Nanostring nCounter
10360 panel. Red denotes up-regulated DEGs, blue for down-regulated and yellow for up- and down-regulated
DEGs. Each cluster denotes a common set of DEGs across specified timepoints. Clusters of =5 DEGs are
highlighted in bold.

7.3.10.3 Functional enrichment analysis

To further derive biological significance from the differential gene analysis, functional
enrichment analysis was performed against the 77 DEGs in the forms of an over-
representation analysis (ORA), as well as an exploration of relevant protein-protein
interactions using the STRING database. This approach differs from the analysis of
the Nanostring pathway scores where the gene sets of each pathway were defined by
and therefore limited to what was selected by Nanostring to represent the condition or
biological process of interest. In contrast, the ORA and STRING analysis draws from
a multitude of data sources of known biochemical maps. Key data sources include
Gene Ontology (GO), the Kyoto Encyclopedia of Genes and Genomes (KEGQG),

Reactome and WikiPathways. This is a common approach for high-throughput omics
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studies, such as RNA-sequencing. However, due to the limited number of genes
investigated with Nanostring (770 versus hundreds of thousands in a transcriptome),
the volume of DEGs input from this study was relatively less. As such, it was not
feasible to clearly delineate exact mechanistics or biological pathways activated in the
advanced 3D in vitro model due to insufficient data input to fully characterise a
biochemical pathway. Nonetheless, the ORA and STRING analysis highlights and
focuses the biological processes of interest in greater detail compared to what could

be offered by the Nanostring pathway score alone.

Considering the protein-protein interactions first with STRING analysis, five GO
biological processes terms were aligned with the DEGs from the co-culture model.
These confirmed pathways of interest identified based on the Nanostring pathway

scores, and narrowed the relevant biological processes, highlighting genes of interest.

Whilst the Nanostring pathway score highlighted interferon signaling as enhanced
during intermediate timepoints (day 7-14), the STRING analysis further focuses the
relevant GO term to ‘response to type I interferon’ (figure 7.24), with 10 DEGs
highlighted via STRING largely corresponding with those in the Nanostring pathway.
The STRING analysis also suggests the extrinsic apoptosis pathway as a possible
mechanism for cytotoxicity, although this was based on four DEGs amongst which
there were no direct protein-protein interaction (figure 7.24), and therefore should be
interpretated with caution. Hypoxia was another biological term dually highlighted in
the STRING analysis and Nanostring pathway scores. All six DEGs identified via
STRING were up-regulated at the chronic timepoints to suggest that the effect or

response to hypoxia was limited to day 14 - 21 of culture.

Finally, the STRING analysis revealed two further GO terms related to cell signaling,
in addition to type I interferon. These were tumour necrosis factor and cytokine-
mediated signaling. All of which have a role in influencing a range of physiological
processes including cell proliferation, apoptosis, inflammation and modulation of

immune responses.

Whilst the scope of the STRING analysis focused on protein-protein interactions, both
direct (with physical binding) or functional (without), the ORA examined more
broadly the potential biological inference of DEGs without limiting this to PPIs solely.

Up- or down-regulated DEGs were used as input, and the ORA statistically examines

310



Extrinsic apoptotic signaling pathway

nwis
SFRPY WNTZS F208
\jponse to TNF
m\ o
\ \ 5 TSP  =esss— (%, 3
- 0AS1
l Regulation of cytokine-mediated

signaling pathway

s~ Response to type | interferon
Response to hypoxia
s M2 ALDOC
coRnzs >< I
T~ - we3 ) ROV

Figure 7.24 Protein-protein association networks from differentially expressed genes in the advanced 3D in vitro
co-culture models of nanocellulose-based bio-ink. DEGs were analysed using the STRING database which
demonstrates known and predicted functional and physical protein-protein interactions (PPI). Linkage line thickness
reflects the ‘combined’ score of interactions, with thicker lines indicating stronger probability of interaction. Gene
Ontology (GO) terms were mapped to PPIs using ClueGO with Cytoscape to aid biological interpretation.

for differentially expressed components of a vast range of biological pathways based

on databases including the Gene Ontology (GO).

The Gene Ontology Consortium is a major bioinformatics initiative which provides a
framework to represent gene and gene products with ordered and defined vocabularies.
As the largest information source on the functions of genes, there are over 40,000 GO
terms across three domains eloquently described by Huntley et al: “1) molecular
functions a gene product performs, 2) the biological processes it is involved in, and 3)

the cellular components it is located in "%,

Although the ORA yielded numerous potential biological terms of interest based on
the initial ORA output with the g:Profiler (figure 7.25A), closer inspection of DEGs
overlaid with biochemical maps such as the KEGG pathway found too few DEGs
represented per pathway to derive meaningful conclusions (data not shown). This is
reflected by low intersection ratios ranging between 0.008 and 0.044 across both up-
and down-regulated DEGs (figure 7.25B). The exception was the GO term 2’-5’-

oligoadenylate synthetase activity with an intersection ratio of one. This means 100%
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of the gene set for this GO term was represented by the DEGs, and it will be further

discussed subsequently.

Regarding GO terms dominating the ORA output, the top 10 GO terms were defined,
with the application of ReviGO to condense redundant terms (figure 7.25B). The
common themes identified from the Nanostring pathway scores, STRING analysis and
ORA were cytokine signaling (in particular, type I interferon and tumour necrosis
factor), apoptosis, hypoxia (or response to oxygen levels) and extracellular matrix. All
of which were up-regulated. Down-regulated DEGs formed the minority of DEGs
identified from the co-culture model (17 out of 77), with the top 10 GO terms
illustrated in figure 7.25B. They carried similarly low intersection ratios and cytokine

activity and responses also featured as a key theme.

Exploring deeper into individual DEGs, the effect of culture media conditions, and the
influence of fibroblast in the co-culture model as compared to the chondrocyte 3D

monoculture were further examined.
7.3.10.4 Gene expression analysis of cytokine signaling

Gene functions were consulted via the GeneCards database unless specifically
referenced. GeneCards is an online database with vast coverage of tens of thousands
of genes coupled with gene-specific information integrating multi-sources including

genomics, transcriptomics, proteomics and clinical data®3.

7.3.10.4.1 Interleukin-6

Gene expression for IL-6, relevant to the pro-inflammatory response, was first
examined. IL-6 demonstrated congruence between the elevated levels of IL-6 release
measured with ELISA and gene expression on day 14 and 21 (figures 6.10 + 7.26A).
Although the rise in /L-6 expression only reached statistical significance at chronic
timepoints, the log2 fold change was relatively elevated at around 1.5 throughout the
study period. This suggests that the co-culture model was activated in a pro-
inflammatory state throughout the 21 days, with an increasing magnitude observed
over time. The effect of culture media conditions was also found to have a statistically
significant impact. Unsurprisingly, the optimal culture media condition (i.e. full media
exchange every 2-3 days) was associated with reduced levels of /L-6 expression,

especially at chronic
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Figure 7.25 Over-representation analysis of differentially expressed genes in the advanced 3D in vitro co-culture
model. A) Graphical representation of ORA output using up- and down-regulated DEGs performed with g:Profiler:
B) Top 10 GO terms identified by ORA and condensed with ReviGO with the removal of redundant GO terms.
Negative logl0 adjusted p value of 1.3 represents an adjusted p value of 0.05, 2 (p=0.01) and 3 (p=0.001). The
intersection ratio of each DEG is specified with each GO term. A/®/e denote the GO term category as defined in
the figure legend.
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timepoints. This was seen with both the chondrocyte monoculture and co-culture
models. This highlights that insufficient nutrients and persistence of cellular waste
products promoted a pro-inflammatory response. In contrast, when comparing the
monoculture and co-culture models, although some variation was detected over time
in both culture media conditions, statistical significance was not reached. This may be
due to the relative low cell concentration of fibroblasts to effect a measurable change
in gene expression, especially in the absence of cell isolation to interrogate gene
expression specific to each cell type. Moreover, this may also indicate that the cell-cell
interactions between chondrocytes and fibroblasts in the co-culture model did not yield

detectable levels of changes in the gene expression of chondrocytes.
7.3.10.4.2 Ligand-receptor pairs

When considering intercellular signaling, the ligand-receptor pair is a well-established
class of interaction which could be examined based on gene co-expression®?’.
Armingol et al described the inference of cell-cell interactions based on activities of
paired gene expression, with the ‘sender’ cell displaying gene expression for the ligand
and the ‘receiver’ cell showing gene expression of the relevant receptor. Interactions
between different cells could be in the manner of paracrine, juxtacrine or endocrine

signaling.

The interleukin 6 receptor (/L-6R) encodes the sub-unit of the IL-6 receptor complex.
Its gene expression levels remained static throughout the study period with no
significant change over time, between culture media conditions, nor between
monoculture and co-culture systems (figure 7.26C/D). Taken together with the
elevated levels of IL-6 in terms of both gene expression and the measured cytokine,
this data could reflect that IL-6 did not act in an autocrine manner, i.e. it did not induce
a cellular response on the same cell. This is in line with the understanding that /L-6R
expression is limited primarily to hepatocytes and some immune cells, thereby

directing the actions of IL-63%.

7.3.10.4.3 Interleukin-11 and transforming growth factor-beta

The difference in gene expression between ligand and receptor was similarly observed

with interleukin-11 (/L-11) and its receptor subunit alpha (/L-1/RA). A statistically
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Figure 7.26 Change in gene expression of pro-inflammatory cytokines and its receptor over time. Differential
gene expression was examined in advanced 3D in vitro models using the Nanostring 10360 panel. Log?2 fold change
for: A+B) interleukin-6 (IL-6), C+D) IL-6 receptor (IL-6R), and E+F) CXCLS (IL-8) are shown representing 3
biological replicates. Timepoint comparisons between day 3-21 against day 1 as baseline in the co-culture model
in optimal culture media condition are shown on the left. Culture media conditions representing augmented regime
(4) versus optimal regime (B), and chondrocyte monoculture versus co-culture with fibroblast in both culture media
conditions were compared at each timepoint on the right. Statistical significance is denoted by * (p<0.05) and the
horizontal dotted lines represent log2 fold change of >1.5 or <-1.5.

significant reduction in /L-11 expression was observed on day 14 and 21, but not with
IL-11RA (figure 7.27A-D). First isolated in 1990, IL-11 is a member of the IL-6

339 Recent discoveries

cytokine family, with an as yet unclear physiological function
hint at its pleiotropic effects upon multiple tissue types with both pro- and anti-
inflammatory properties and a regulatory role in tissue homeostasis %342, The
biological relevance of IL-11 on chondrocyte function are currently actively
investigated with a focus on articular chondrocytes. Articular chondrocytes were found

to release IL-11 when induced by transforming growth factor-beta 1 (TGF-B1)343 344,
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Figure 7.27 Change in gene expression of IL-11 cytokine-receptor pairs over time. Differential gene expression
was examined in advanced 3D in vitro models using the Nanostring 10360 panel. Log?2 fold change for: A+B)
interleukin-11 (IL-11) and C+D) IL-11 receptor subunit alpha (IL-11RA). Timepoint comparisons between day 3-
21 against day 1 as baseline in the co-culture model in optimal culture media condition are shown on the lefi.
Culture media conditions representing augmented regime (A) versus optimal regime (B), and chondrocyte
monoculture versus co-culture with fibroblast in both culture media conditions were compared at each timepoint
on the right. Statistical significance is denoted by * (p<0.05) and the horizontal dotted lines represent log2 fold
change of >1.5 or <-1.5.

Cell-specificity in the expression of the receptor gene /L-1/RA by chondrocytes and
bone cells (osteoblasts, osteocytes and osteoclasts) potentially indicates the essential
role of IL-11 in joint physiology and diseases and its function in an autocrine
manner>*> 343, Patients with osteoarthritis were found to have high levels of IL-11 in
their joint synovial fluids, with primary chondrocytes from such patients strongly
influenced by IL-11 with the potent activation of the Jak/STAT3 signaling pathway>*.
However, as mentioned, the mechanism of action of IL-11 remains to be elucidated.
An earlier study by Maier et al found that chondrocytes stimulated by IL-11
demonstrated an enhanced production of the tissue inhibitor of metalloproteinases and

therefore infers a potential protective role against ECM degradation3#*.

Given the action of TGF-f1 as an inducer of IL-11 production, genes relevant to TGF-

B in the advanced 3D in vitro model were examined. The expression of TGF-£I was
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found to be statistically significantly reduced throughout the study when compared to
baseline on day 1, although it did not reached the threshold of log2 fold changes to be
considered a DEG (figure 7.28A). TGF-B1, TGF-B2 and TGF-B3 are isoforms
transcribed from different genes and chromosomes, but acts on the same receptor and
signaling pathways®*. TGF-f is a multi-functional cytokine expressed by most cell
types, with broad regulatory effects influencing cellular processes such as cell cycle
progression, differentiation and migration, as well as tissue and immune homeostasis
including bone formation, angiogenesis and haematopoiesis 34> 348, In the context of
wound healing, its therapeutic role has been tested in multiple studies demonstrating

accelerated wound healing with its topical or systematic applications*¥’.

Current evidence suggests that TGF-B1 and TGF-2 carries pro-fibrotic effects, with
neutral or anti-fibrotic actions conferred to TGF-B334% 3%, In the current study, the
gene expression of the three isoforms of TGF-B were variably expressed, with
statistically significant changes seen with 7GF-fI1 and TGF-/2, although this was
within the threshold of log2 fold change of 1.5 to -1.5. Such effects were unperturbed
by culture media conditions (figure 7.28 A-F). On the other hand, CDKN2B and I[HNBA
were two DEGs identified in the co-culture model with relevance to TGF-3. CDKN2B
encodes a cyclin-dependent kinase inhibitor, serving to control cell cycle Gl
progression. It is dramatically induced by TGF-f, and may have a role in TGF-3-
induced growth inhibition. The expression of this gene was significantly reduced at
chronic timepoints, with culture media conditions producing a low level but
statistically significant effect (figure 7.28G+I). Whilst there is insufficient data to
visualise entire biochemical pathways, the reduced expression of CDKN2B, a TGF-3-
induced growth inhibitor, was observed in parallel to a rise in cell proliferation at
chronic timepoints (figures 6.2 + 6.3). Furthermore, INHBA, which encodes a member
of the TGF-B superfamily of proteins, was significantly augmented at chronic
timepoints in the co-culture model in optimal culture media condition (figure 7.28
H+J). IL-11, CDKN2B and INHBA as DEGs, as well as the statistically significant
altered gene expression of TGF-fI and TGF-f2, revealed commonality of maximal
gene expression augmentations at chronic timepoints. Their shared occupation in the
TGF-p signaling pathway together with the relevance of TGF-f3 in wound healing and

fibrosis, which has a keen implication in the function of tissue engineered cartilage
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implants in vivo, would suggest that this may be an area of interest for further

exploration.
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Figure 7.28 Change in gene expression of TGF-f-relevant genes over time. Differential gene expression was
examined in advanced 3D in vitro models using the Nanostring 10360 panel. Log2 fold change for: A+D)
transforming growth factor-f1 (TGF-p1), B+E) TGF-f2, C+F) TGF-f3, G+I) cyclin dependent kinase inhibitor
2B (CDKN2B), and H+J) inhibin subunit beta A (INHBA). Timepoint comparisons between day 3-21 against day
1 as baseline in the co-culture model in optimal culture media condition are shown in A-C and G-H. Culture media
conditions representing augmented regime (4) versus optimal regime (B), and chondrocyte monoculture versus co-
culture with fibroblast in both culture media conditions were compared at each timepoint in D-F and I-J. Statistical
significance is denoted by * (p<0.05) and the horizontal dotted lines represent log2 fold change of >1.5 or <-1.5.
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7.3.10.4.4 Interleukin-8

In contrast to /L-6, CXCLS which encodes IL-8 was not a DEG in the co-culture model.
A statistically significant rise in its gene expression was witnessed on day 7, before its
decline back to baseline level on day 14 and 21 (figure 7.26E). This is an interesting
finding as it contrasted with the measured levels of IL-8 using ELISA, which
demonstrated a time-dependent response with rising cytokine levels detected over time
(figure 6.11B). Notably, figure 6.11B illustrates IL-8 levels in the co-culture model in
the augmented culture media condition with reduced media exchange, whilst figure
7.26E belonged to the co-culture model with optimal culture media conditions.
Examining the effects of culture media conditions revealed similar effects to those seen
with IL-6, with the optimum culture media conditions associated with reduced
expression of CXCLS (figure 7.26B+F). Taken together, the data could suggest that IL-
6 production in the model was more sensitive to culture media conditions than IL-8.
Data from the step-wise characterisation of the in vitro models in chapter 6 and 7
supports the use of the optimal culture media conditions for future investigations and

applications.
7.3.10.4.5 Tumour necrosis factor

‘Tumour necrosis factor (TNF) receptor activity’ and ‘response to TNF’ were
highlighted as of interest by the ORA and STRING analysis respectively. The co-
culture model in optimal culture media condition yielded nine DEGs relevant to TNF
signaling. They are broadly categorised under: i) TNF receptors, ii)) TNFSF10-related,
and iii) TNF-a.

The gene expression of tumour necrosis factor receptor superfamily member 1B
(TNFRSF1B) was significantly up-regulated throughout day 3 to 21 when compared
to baseline on day 1 (figure 7.29A). The encoded receptor mediates the metabolic
effects of TNF-a., with both pro- and anti-apoptotic effects reported. TNFRSF14 and
TNFRSF25 were up-regulated too, but to a lower magnitude and only at chronic
timepoints (figure 7.29B/C). The TNF signaling network is complex and consists of
bi-directional stimulatory and inhibitory pathways, and may be best served
interrogated with a true high-throughput technique such as RNA-sequencing to permit

the visualisation of gene expression patterns across the entire pathway. Nonetheless,
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the current data showed a rise in the expression of TNFRSF14 and TNFRSF25 in
chronic timepoints. They are associated with the pro-inflammatory response and the
induction of apoptosis, possibly through NF«B activation, respectively. Paired with an
observed rise in pro-inflammatory cytokines and cytotoxicity measured, the latter in
the forms of LDH release (sections 6.3.1 and 6.3.2), it would be interesting to further

investigate the role and impact of TNF in the advanced 3D in vitro model.

Notably, whilst most DEGs were found to be up-regulated at chronic timepoints, the
Fas gene was differentially expressed during the acute phase between day 3 and 7
(figure 7.29G). Also known as TNFRSF6, the Fas cell surface death receptor gene
encodes a death domain-containing receptor and has a central role in the regulation of
programmed cell death. It functions to trigger a downstream caspase cascade towards
apoptosis, including the formation of a death-inducing signaling complex that includes
the Fas-associated death domain protein (FADD), caspase 8 and caspase 10. FADD is
an apoptotic adaptor protein which can be recruited by a host of receptors including
Fas and TNFRSF25, gene expression for both were up-regulated in the co-culture
model, albeit at differing timepoints (figure 7.29 C/G). FADD functions to mediate
cell apoptosis, but its gene expression did not mirror the rise in the Fas receptor gene
in the acute timeframe or otherwise (figure 7.29H). Despite not seeing a downstream
effect beyond the acute up-regulation of the Fas gene, future elucidation may pick
apart its biological relevance especially in the acute phase. Due to the necessitated cell
handling and the cross-linker chemical exposure during model creation, or indeed with
the intended biofabrication of a 3D-printed cartilage implant, a degree of cell stress is
anticipated. Whether the observed up-regulation of Fas reflects this inevitable state, if
there are downstream implications as to the health condition and function of
chondrocytes, and whether this translates to quantifiable or clinically relevant effects

remain to be seen.

A further grouping of DEGs relevant to TNF was those related to the TNF superfamily
member 10 (7NFSF10). The protein ligand encoded by TNFSFI0 preferentially
induces apoptosis in transformed and tumour cells, and of note, does not cause cell
death in normal cells despite heightened expression. It binds to the receptor encoded
by TNFRSF10B, which then triggers the activation of the caspase cascade including
caspase 8, an initiator caspase involved in the extrinsic apoptosis pathway and caspase

3, an effector caspase common to both intrinsic and extrinsic apoptosis. Up-regulation
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Figure 7.29 Change in gene expression of TNF receptors over time. Differential gene expression was examined
in advanced 3D in vitro models using the Nanostring 10360 panel. Log?2 fold change for: A+D) tumour necrosis
factor receptor superfamily member 1B (TNFRSFIB), B+E) TNFRSF14, C+F) TNFRSF25, G+I) Fas cell surface
death receptor (FAS), and H+J) Fas-associated via death domain (FADD). Timepoint comparisons between day 3-
21 against day 1 as baseline in the co-culture model in optimal culture media condition are shown in A-C and G-
H. Culture media conditions representing augmented regime (A) versus optimal regime (B), and chondrocyte
monoculture versus co-culture with fibroblast in both culture media conditions were compared at each timepoint in
D-F and I-J. Statistical significance is denoted by *(p<0.05) and #**(P<0.01). The horizontal dotted lines represent
log?2 fold change of > 1.5 or <-1.5.

of the ligand and receptor was observed in the co-culture model, albeit only TNFSF10
was deemed differentially expressed at the chronic timepoints at markedly elevated
levels with log2 fold changes of greater than 4 (p<0.01 on day 14 and p<0.001 on day

21) (figure 7.30A). Due to its expression in normal tissues, it is difficult to draw
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conclusions based on what was observed. To add to this, TNFSF10 also binds to three

decoy receptors which renders the ligand muted in the induction of apoptosis.

These decoy receptors included TNFRSF10C, which was investigated but showed
non-detectable levels of gene expression, TNFRSF10D and TNFRSF11B. The latter
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Figure 7.30 Change in gene expression of TNFSF10 and its related receptors over time. Differential gene
expression was examined in advanced 3D in vitro models using the Nanostring 10360 panel. Log?2 fold change
for: A+B) tumour necrosis factor superfamily member 10 (TNFSF10), C+D) tumour necrosis factor receptor
superfamily member 10B (TNFRSF10B), E+F) TNFRSF10D, and G+H)TNFRSF11B. Timepoint comparisons
between day 3-21 against day 1 as baseline in the co-culture model in optimal culture media condition are shown
in A,C.E,G. Culture media conditions representing augmented regime (4) versus optimal regime (B), and
chondrocyte monoculture versus co-culture with fibroblast in both culture media conditions were compared at
each timepoint in B,D,F, H. Statistical significance is denoted by * (p<0.05), #*(p<0.01) and **+*(p<0.001). The
horizontal dotted lines represent log?2 fold change of >1.5 or <-1.5.
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pair, whilst demonstrated statistically significant changes when compared to day 1,
were variably up- and down-regulated over time and did not reach the threshold for

differential expression for the most part (figure 7.30 E/G).

The final group relates to TNF-a., a potent pro-inflammatory cytokine with a critical
role in the immune system. Although mostly secreted by activated macrophages, T
cells and natural killer cells, TNF-a is also secreted by chondrocytes®>. Although
studied in the context of articular joint pathophysiology, TNF-o was found to inhibit
cartilage matrix synthesis, promote matrix metalloproteinases activity thereby hasten
cartilage degradation, and inhibit chondrogenesis via the NFkB pathway. As such, its
action can directly influence the functionality and performance of a tissue-engineered

cartilage implant.

In the co-culture model, two genes encoding TNF-alpha induced proteins (TNFAIP)
were differentially expressed. TNFAIP3 encodes an enzyme which inhibits NF«xB
activation and TNF-mediated apoptosis, and was found to be significantly up-
regulated in the acute phase (figure 7.31A). TNFAIP6 conversely was down-regulated
at chronic timepoints (figure 7.31B). It encodes a member of the hyaluronan-binding
protein family which serves as a key regulator of ECM organisation during tissue
remodelling. It influences the assembly of hyaluronan in the ECM, affecting ECM
stability and cell migration. Finally, the intercellular adhesion molecule 1 (ICAM1)
was found to be up-regulated on day 21 (figure 7.31C). The expression of ICAM1 can
be induced by a variety of pro-inflammatory mediators including TNF-a., but also IL-
6, IL-1B and interferon-y (IFN-y)**!, with which an increase in IL-6 was observed at

chronic timepoints (figure 7.26A).

Furthermore, the DEGs were, in the most part, not unduly influenced by culture media
conditions (figures 7.29 D/E/F/I, 7.30 B/D/F/H, and 7.31 D/E). This suggests that
activities in the TNF signaling mechanisms reflect inherent model properties.
Although it is difficult to disentangle the effects of the nanocellulose-based bio-ink
based on the current data alone, it would be interesting to quantify the amount of TNF-
o and other proteins relevant to TNF signaling, and correlate this with chondrocyte

viability and function.
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Figure 7.31 Change in gene expression of TNF-a-related DEGS over time. Differential gene expression was
examined in advanced 3D in vitro models using the Nanostring 10360 panel. Log?2 fold change for: A+D) tumour
necrosis factor alpha-induced protein 3 (TNFAIP3), B+E) TNFAIP6 and C+F) intercellular adhesion molecule 1
(ICAM1). Timepoint comparisons between day 3-21 against day 1 as baseline in the co-culture model in optimal
culture media condition are shown in A-C. Culture media conditions representing augmented regime (A) versus
optimal regime (B), and chondrocyte monoculture versus co-culture with fibroblast in both culture media conditions
were compared at each timepoint in D-F. Statistical significance is denoted by * (p<0.05) and ** (p<0.01). The
horizontal dotted lines represent log2 fold change of >1.5 or <-1.5.

7.3.10.4.6 Response to type I interferon

Response to type I interferon was identified as a relevant GO term in the functional
enrichment analysis on protein-protein interactions. Of the ten DEGs highlighted,
IFIT1, IFIT3 and RSAD2, and OASI1, OAS2 and OAS3 had the strongest probability of
being true PPIs based on their STRING combined scores, also indicated by the
thickness of the interlinkage lines (figure 7.24).

Type I interferon is a key component of the innate immune system, where a core
function is its defence against viral pathogens®*2. The innate immune system relies on
rapid antigen recognition through pattern recognition receptors (PRR), examples of
which include NOD-like receptors and toll-like receptors (TLR)*3. In the co-culture
model, the gene expression of the nucleotide-binding oligomerization domain
containing 2 (NOD2) nod-like receptor and TLR4 were non-detectable and non-
differentially expressed, respectively (data not shown). The expression of 7LR3
however was up-regulated throughout the study period (figure 7.32G). In the context
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of viral infection where its function is more clearly defined, it serves as a PRR for
pathogen-associated molecular patterns (PAMP) where the recognition of double-
stranded RNA induces the activation of NFkB pathway and production of type I
interferons. Whilst appreciating the lack of complete visualisation of the NFxB
pathway, a statistically significant but low-level increased gene expression of NFxB2
was observed, but not with NFxB1 (figure 7.32 H+I). Following the release of type I
interferons, its downstream effects are mediated through the binding to its respective
receptors, which triggers intracellular signaling via the JAK/STAT pathway, leading to
the transcription of hundreds of interferon-stimulated genes (ISGs)**. Six ISGs
(IFITI, IFIT3, RSAD2, OAS1, OAS2, OAS3) were identified as differentially expressed
in the co-culture model. All of which were up-regulated and may indicate the presence

and effects of type I interferon upon the model (figures 7.32 A-C and 7.33 A-C).

The 2°-5’-oligoadenylate synthetase (OAS) 1, 2 and 3 are interferon-induced double-
stranded RNA-binding enzymes with a key role in interferon-driven antiviral
activity®> 3¢, Whilst response against viral infection is a core function of type I
interferon and its downstream effector enzymes and ISGs, they are also involved more
broadly within the immune system and exerts their effects on a multitude of cellular
processes which could be influential in the context of tissue engineering. The OASI-3
gene set is of particular interest in this study because it is the only GO term with a high
intersection ratio, with 100% of the gene set for the GO term “2’-5’-oligoadenylate
synthetase activity” differentially expressed. The broader reach of the effects of OAS
reported in the literature includes cell differentiation, cell cycle and growth control,
inflammation and apoptosis***>3%7. With reference to the impact of OAS on the
differentiation process of various cell types in the context of cartilage regeneration,
differential OAS activity was shown in neocartilage in a perinatal murine model®®,
Maor et al demonstrated that maximal activity of OAS was detected in proliferating,
undifferentiated pre-chondrocytes, whilst the level of activity was reduced in fully
differentiated chondrocytes. This is indicative of an area worthy of further exploration
as maintaining chondrocyte functionality and the avoidance or at least the control of
de-differentiation of chondrocytes, especially with primary chondrocytes ex vivo,

remains a challenge in the field of cartilage tissue engineering.
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Figure 7.32 Change in gene expression of DEGs relevant to response to type 1 interferon over time. Differential
gene expression was examined in advanced 3D in vitro models using the Nanostring 10360 panel. Log?2 fold change
for: A+D) interferon-induced protein with tetratricopeptide repeats 1 (IFIT1), B+E) IFIT3, C+F) radical S-
adenosyl methionine domain containing 2 (RSAD2), G+J) toll like receptor 3 (TLR3), H+K) nuclear factor kappa
B subunit 1 (NFxB1), and I+L) NFkB2. Timepoint comparisons between day 3-21 against day 1 as baseline in the
co-culture model in optimal culture media condition are shown in A-C/G-1. Culture media conditions representing
augmented regime (A) versus optimal regime (B), and chondrocyte monoculture versus co-culture with fibroblast
in both culture media conditions were compared at each timepoint in D-F/J-L. Statistical significance is denoted
by *(p<0.05) and ** (p<0.01). The horizontal dotted lines represent log?2 fold change of >1.5 or <-1.5.
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Figure 7.33 Change in gene expression of DEGs relevant to 2°-5oligoadenylate synthetase (OAS) over time.
Differential gene expression was examined in advanced 3D in vitro models using the Nanostring 10360 panel. Log2
fold change for: A+D) 2°-5’-oligoadenylate synthetase (OASI), B+E) OAS2 and C+F) OAS3. Timepoint
comparisons between day 3-21 against day 1 as baseline in the co-culture model in optimal culture media condition
are shown in A-C. Culture media conditions representing augmented regime (A) versus optimal regime (B), and
chondrocyte monoculture versus co-culture with fibroblast in both culture media conditions were compared at each
timepoint in D-F. Statistical significance is denoted by * (p<0.05) and #* (p<0.01). The horizontal dotted lines
represent log2 fold change of >1.5 or <-1.5.

7.3.10.4.7 Interleukin-1-beta and caspases

Interleukin-1f (IL-1p) and cysteine aspartate-specific protease 1 (CASP1) was another
strong protein-protein interaction identified by the STRING analysis in the co-culture
model. Both were significantly up-regulated with log2 fold changes of greater than 3,
seen at the acute timepoints with /L-// and chronic timepoints with CASPI (figure
7.34 A/B).

IL-1B is a potent pro-inflammatory cytokine with broad biological functions. It
mediates inter-cellular communications in innate and adaptive immune responses, and
is also involved in cell proliferation, differentiation and apoptosis. In osteoarthritis,
increased levels of IL-13 were found to impact mitochondrial activity, and together
with TNF-a, could exacerbate the expression of matrix metalloproteinases (MMPs)
and aggrecanases which promotes cartilaginous matrix degradation® 36, IL-1B is

produced as an inactive precursor, pro-IL-1f3, which cannot bind its intended receptor
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IL-1R3¢!. Caspase 1 proteolytically cleaves the full-length pro-IL-1B, thereby
converting it to its active form IL-1p. It was interesting to note that the marked up-

regulation of /L-1f precedes that of CASP! in the in vitro model.

Furthermore, caspase 1 also requires activation from its precursor form. This involves
the formation and activation of the inflammasome, a multi-protein signaling complex
consisting of caspase 1 and a NOD-like receptor. Using the nucleotide-binding
domain, leucine-rich-containing family, pyrin domain-containing-3 (NLRP3) as an
example for a well-known inflammasome, it could be observed that the DEGs in the
co-culture model demonstrated biological activities along the cell signaling pathway

relevant to the release of IL-1p.

The NLRP3 inflammasome forms part of the innate immune system which mediates
the activation of caspase 1 and the release of IL-1P via sequential priming and

activation signals®®?

. The priming signal is triggered by PAMPs after the activation of
toll-like receptors or by pro-inflammatory cytokines, leading to the activation of the
transcription factor NFkB with the synthesis of NLRP3 and pro-IL-1f. Multiple
factors are involved in the NFxB pathway for the priming signal, such as caspase 8§,
FADD and NOD1/2. The activation signal then serves to activate the inflammasome
and caspase 1, culminating in the resultant biologically active IL-1P. A variety of
molecular or cellular stimuli could act as the activation signal which includes
extracellular ATP, mitochondrial dysfunction, reactive oxygen species, through to
bacterial or fungal toxins, RNA viruses and particulate matter. In the co-culture model,
up-regulated genes, inclusive of those with statistically significant increases but below
the threshold for differential gene expression, included 7LR3 (figure 7.32G), NFkB2
(figure 7.321), FAS (figure 7.29G), CASPS (figure 7.34C), CASPI (figure 7.34B) and
IL-1p (figure 7.34A). These findings were found to be relatively independent of the
effects of augmented culture media conditions, except for /L-1 4 (figure 7.291, 7.32J/L

and 7.34D/E/F).

Further examination of the caspase family showed a statistically significant rise in the
expression of CASPS, which encodes an initiator caspase of the extrinsic apoptosis

pathway (figure 7.34C). This was coupled with the down-regulation of the gene for
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Figure 7.34 Change in gene expression of IL-18 and caspase-related genes over time. Differential gene
expression was examined in advanced 3D in vitro models using the Nanostring 10360 panel. Log?2 fold change
for: A+D) interleukin-1p (IL-1), B+E) caspase 1 (CASPI1), C+F) CASPS, G+J) CASP9, H+K) CASP3, and I+L)
baculoviral IAP repeat containing 5 (BIRCS). Timepoint comparisons between day 3-21 against day 1 as baseline
in the co-culture model in optimal culture media condition are shown in A-C/G-1. Culture media conditions
representing augmented regime (4) versus optimal regime (B), and chondrocyte monoculture versus co-culture with
fibroblast in both culture media conditions were compared at each timepoint in D-F/J-L. Statistical significance is
denoted by *(p<0.05) and ** (p<0.01). The horizontal dotted lines represent log2 fold change of >1.5 or <-1.5.

the initiator caspase of the intrinsic pathway, CASP9 (figure 7.34G). This underlies the
identification of the GO term extrinsic apoptosis through the ORA and STRING
analysis. However, CASP3, which encodes the effector caspase of both apoptosis
pathways, was relatively unchanged with a statistically significantly reduced levels of

gene expression detected on day 5, 14 and 21 (figure 7.34H). Apart from CASPI, the
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log2 fold change of all genes encoding caspases did not reach the threshold of >1.5 or
<-1.5. Furthermore, BIRCS encodes an inhibitor of caspase 3 and is a member of the
family of inhibitor of apoptosis (IAP). It was interesting to note that its gene expression
was significantly reduced on day 3 and day 5, potentially reflective of cell stress or

injury during the acute timepoints.
7.3.10.4.8 Section summary — gene expression analysis of cytokine signaling

Cytokine signaling is a complex, multi-directional and multi-tiered process which
regulates a broad spectrum of physiological and pathological processes. The
application of Nanostring enabled a more global assessment of gene expression in the
advanced 3D in vitro model than what would be feasible with qPCR techniques due to
technical restrictions imposed by RNA sample input. The differential gene analysis
confirmed the findings of a pro-inflammatory response with elevated IL-6 gene
expression. Although biochemical pathways cannot be fully assessed, the study
identified 77 DEGs amongst 770 examined and these highlighted interferon signaling,
tumour necrosis factor signaling and the extrinsic apoptosis pathways as potential
areas of interest. The gene expression of several cytokines (IL-6, IL-8 and IL-1) were
found to be sensitive to culture media conditions with increased gene expression and
therefore a heightened pro-inflammatory state was found to be associated with nutrient
deprivation. However, numerous signaling pathway genes, including DEGs and
statistically significantly augmented genes within log2 fold changes of 1.5 to -1.5, did
not demonstrate altered gene expression in the restricted media regime (an extrinsic

factor), suggestive of inherent effect or characteristics of the in vitro model.

7.3.10.5 Gene expression analysis of extra-cellular matrix

The extra-cellular matrix is a 3-dimensional network critical in its function to provide
the physical and biochemical microenvironment where cells reside. In the context of
3D-bioprinting, this is initially composed of the bio-ink used as the cell carrier. Over
time, functional resident cells, in this case chondrocytes, will secrete ECM components
which further augments the cell physical niche. How this evolves over time, at both
molecular and microscopic levels, can directly impact cellular functions and implant

performance in vivo.
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Multiple GO terms relevant to ECM were identified from the STRING analysis and
ORA. These included ‘ECM organisation’, ‘ECM binding’, ‘ECM cellular component
disassembly’ and simply ‘ECM’. Together, there were 34 DEGs with ECM-relevant
GO terms identified in the co-culture model in optimal culture condition. Of these, 14
DEGs correlated with genes in the MatrisomeDB 2.0 and are listed in table 7.8. The
MatrisomeDB is a database that cross-references genomic and proteomic data specific
for ECM and ECM-associated proteins. It integrates both in vivo and in silico data to
produce an ECM atlas of various tissue types®®® 3%, DEGs corresponding to the core

matrisome genes are discussed.

Table 7.8 Extra-cellular matrix-relevant DEGs in the MatriosomeDB.

Core Matrisome Genes Matrisome-associated Genes
Collagen COL4A5 Secreted factors IL-2
COL11A1 1L-4
1L-6
SFRPI1
WNT2B
WNTS5A
Proteoglycan VCAN Regulators CTSS
MMPI
Glycoprotein FAP
LTBPI
TNFAIP6

COL4A5 and COLI11A1 are both genes encoding collagen sub-units which were up-
regulated and deemed beneficial for cartilage tissue engineering (figure 7.35
A/B/D/E). Multiple sub-types of collagen are found in human cartilage, with type 2, 4
and 11 being most abundant and therefore most studied*®. The specificity of collagen
genes examined was pre-selected based on the Nanostring 10360 panel. For future
research, the expression of COL2A41 (type II collagen) will be of particular interest in

the regeneration of cartilage.

Versican is a member of the aggrecan/versican proteoglycan family and is a major
component of ECM. It binds HA and plays an important role in tissue morphogenesis
and maintenance. Its gene expression (VCAN) was significantly up-regulated
throughout the study period, showing a bimodal pattern with maximal increases on

day 3 and day 21, when compared to baseline on day 1 (figure 7.35C). For future
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research, the gene expression for aggrecan (4CAN), also an HA-binding proteoglycan

with a role in resisting compressive forces, will be of interest.

Other core matrisome genes encoding glycoproteins were FAP, LTBP1 and TNFAIPG6.
The latter was previously discussed in section 7.3.10.4.5. The fibroblast activation
protein alpha (FAP) gene encodes an integral membrane gelatinase. In association with
dipeptidyl peptidase 4 (DPP4), a transmembrane glycoprotein, or with integrins
(which are transmembrane receptors), FAP participates in the peri-cellular proteolysis
of ECM and facilitates cell adhesion and migration through the ECM. Taken together,
the up-regulation of both FAP and DPP4 suggests cell adhesion and migration within
the nanocellulose-based hydrogel. Confirmation could be performed in the forms of
real-time imaging to track cell migration. The confirmation of cell adhesion on the
nanocellulose-based bio-ink would substantiate one of several benefits of employing
naturally-derived bio-ink material, as synthetic materials are known to lack cell-

binding capabilities which in turn alters cellular function.

LTBPI encodes a member of the latent TGF-f binding proteins. It controls integrin-
dependent TGF-f activation, maintains it in a latent state, and is considered a driver in
fibrosis. Although LTBPI was found to be up-regulated across the study period, the
magnitude of up-regulation was relatively reduced in the chronic timepoints.
Understanding the biological mechanisms which drives fibrosis will be instrumental

to maximising the performance and longevity of tissue engineered implants in vivo.

Finally, TNFAIPG6 is a member of the HA-binding protein family and is a key regulator
of ECM organisation. As discussed previously, TNFAIP6 is induced by TNF-a. Its
down-regulation on day 14 and 21 could suggest that its expression is not induced.
Whilst the expression of most ECM-relevant DEGs were not overly influenced by
culture media conditions, the expression of TNFAIP6 was seen to be further reduced
in optimal culture media condition, which suggests, in difference to FAP and DPP4,
the action of TNFAIP6 may not be inherent to the in vitro model and could be related

to a partly pathologic state induced by deficient nutrients and presence of TNF-a.

Overall, the glimpse of ECM-relevant DEGs in the study suggests that the in vitro
model utilising a nanocellulose-based bio-ink with alginate and HA additives were
supportive of collagen production, ECM formation and cell adhesion and migration,

although work is required for validation of these findings.
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Figure 7.35 Change in gene expression of core matriosomeDB DEGs over time. Differential gene expression was
examined in advanced 3D in vitro models using the Nanostring 10360 panel. Log?2 fold change for: A+D) collagen
type IV alpha 5 chain (COL4A5), B+E) collagen type XI alpha 1 chain (COL11A1), C+F) versican (VCAN), G+J)
fibroblast activation protein alpha (FAP), H+K) latent-transforming growth factor beta-binding protein 1 (LTBPI),
and I+L) dipeptidyl peptidase 4 (DPP4) are shown. Timepoint comparisons between day 3-21 against day 1 as
baseline in the co-culture model in optimal culture media condition are shown in A-C/G-1. Culture media conditions
representing augmented regime (4) versus optimal regime (B), and chondrocyte monoculture versus co-culture with
fibroblast in both culture media conditions were compared at each timepoint in D-F/J-L. Statistical significance is
denoted by *(p<0.05) and ** (p<0.01). The horizontal dotted lines represent log?2 fold change of >1.5 or <-1.5.
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7.3.10.6 Gene expression analysis for response to hypoxia

Response to hypoxia was the final common theme revealed from the ORA and
STRING analysis. The inter-related nature of hypoxia and cellular metabolism in
chondrocyte physiology means that they are best considered in parallel. A brief account
of relevant chondrocyte metabolism is provided prior to the discussion of DEGs

pertaining to hypoxia.

Cartilage is avascular and oxygenation occurs via diffusion from the capillary network
with which the cartilage is in contact with. In the case of articular cartilage, which
constitutes a significant body of research into chondrocyte function and regeneration,
oxygen is derived from the synovial (joint) fluid and subchondral bone®. As such, the
physiologic microenvironment of the chondrocyte is relatively hypoxic compared to
other well-vascularised tissue types, such as muscle and bone®*®’. Oxygen levels in
cartilage were reported to be between less than 1% to 6%, in comparison to 13% in
arterial blood, with reduced levels of oxygen detected in zones deeper within the

cartilage structure®®’.

Under hypoxic conditions, ATP generation by cells are usually via glycolysis, hence

368 Tt is a less efficient means of energy

the traditional term ‘anaerobic glycolysis
generation as oxidative phosphorylation yields 36 molecules of ATP for each single
molecule of glucose, contrasting with glycolysis which yields only 2 ATP

molecules?®.

Under normal physiological conditions, chondrocytes have adapted to its native
hypoxic microenvironment, and cartilage tissue generally demonstrate low metabolic
activity and extracellular matrix turnover*®®. In healthy chondrocytes, over 75% of
cellular ATP is generated through glycolysis, rather than via mitochondrial oxidative
phosphorylation®®- 37°, In early pathophysiological states such as mild osteoarthritis,
cells transition to a metabolically more active state for the regeneration and repair of
ECM. It temporarily adopts oxidative phosphorylation to meet the increased metabolic
demands of enhanced cell proliferation and ECM production®®. However, as disease
progresses, the energy requirements are no longer met despite the metabolic shift and
mitochondrial dysfunction ensues and ATP generation via glycolysis resumes with a
running metabolic deficit. Alongside inflammation with disease progression, a vicious

cycle of increasing oxidative stress in a lactate dehydrogenase-mediated manner
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causes mitochondrial DNA damage and loss of membrane integrity with worsening

mitochondrial dysfunction, leading to eventual cell senescence and/or cell death3¢¢371,

The hypoxia-inducible factor 1 subunit alpha (HIF14) was discovered in the mid-
1990s72. 1t is a key transcriptional regulator for cellular and systemic homeostatic
response to hypoxia. With adequate oxygen levels, the encoded alpha subunit of the
HIF1 transcription factor is degraded as soon as it is synthesised, but in hypoxia (eg.
<5% oxygen tension), HIF-a forms a complex with HIF-f, translocate to the nucleus
and activates the transcription of target genes. The rise in H/F'/4 on day 21 in the co-
culture model indicates the presence of a hypoxia-driven response in cells. Whilst this
rise in HIF' 14 was statistically significant, the log2 fold change was relatively modest
and HIF 14 did not constitute a DEG (figure 7.36A).

Studies have suggested that in hypoxia, HIF1A acts to convert ATP generation from
oxidative to glycolytic processes. In the context of osteoarthritis, HIF-1 was found to
drive ATP production via anaerobic means by metabolically active chondrocytes in
diseased states. It acts to increase levels of pyruvate dehydrogenase kinase 1, encoded
by PDKI, which promotes anaerobic glycolysis®’’. PDK1 acts to inhibit pyruvate
dehydrogenase, a mitochondrial multi-enzyme complex, thereby impacting the Kreb
cycle and leads to the down-regulation of aerobic respiration. PDK1 has a critical role
in the cellular response to hypoxia and is thought to be protective against hypoxic and
oxidative stress. It was found to be significantly up-regulated on day 14 and 21 of the

co-culture model (figure 7.36G).

Four DEGs encoding glycolytic enzymes (ALDOA, ALDOA, ENOI and HK?2) shared
the PPI under the GO term of ‘response to hypoxia’ in the STRING analysis. They
were also significantly up-regulated at chronic timepoints, reflecting a change in
chondrocyte metabolism in parallel with cells responding to hypoxia (figure
7.36B/C/H/T). ALDOA and ALDOC encode aldolase A and C respectively, which are
isozymes that catalyse the same chemical reaction but have varied catalytic efficiencies
allowing differential regulation of the reaction. ENOI encodes enolase 1 which is
involved in hypoxia tolerance. Elevated expression of hexokinase 2, encoded by HK2,
was found to be associated with joint pathologies, and its up-regulation at chronic
timepoints in the co-culture model could reflect similar altered cellular glucose

metabolism as seen in cartilage injury. Hexokinase is an evolutionarily conserved

335



A) HIF1A B) ALDOA C) ALDOC
3.0 3.0 3.0 o
o Fok /
2 15 S 15 S & 15 *
E * © ©
G e S J S /
T 0.0 ’ + ! T s 0.0 T T 1 T T © 0.0 T T T T
g 3 5 7 14 2 2 3 5 7 14 21 8 ;\f\ 7/ 14 21
S s Days s Days $ s Days
] - *
-3.04 3.0- -3.0-
D) E) F)
3.0+ 3.0 3.0
*
15 & 15 * S 15
] H * <
£ 2 2
T 00 ' 5 0 ) 5 0.0
k] E k] 01— T + T T o b
e 1 14 2 13 5 7 1 21 °
o~ o~
€ a5 Dys ket B a5 Days g 15
- -
-3.0- -3.0- -3.0-
G) PDK1 H) HK2 1) ENO1
3.0 o 3.0- by 3.0
Kk *
5 //. -] // o *x
2 15 D AB 2 15 ok W,
2 2 2
S \ S S
T 0.0+ T T T 0.04+— T r T T T 0.0+—e—o T T T
] 3 5 /'} 14 21 s 3 5 7 14 21 e 3 5 7 14 21
o~
s ' Days s Days 215 Days
- - -
-3.0- -3.0- 3.0
J) K) L)
3.0+ 3.0- 3.0
(-] [ [
2 15 2 15 - 2 15
© © © *
< < * < *
[*] o o
o 0.0 o 0.0 T 0.0
L K 1 3 5 14 21 K 1 3 7 14 21
~N o~ o
D 45 D . Days D Days
S 1.5 S 1.5 S -1.5
3.0- -3.0- -3.0-

@ C20A4AvB -@ Co-cultureAvB C20A4 v Co-culture A I C20A4 v Co-culture B

Figure 7.36 Change in gene expression of hypoxia-relevant DEGs over time. Differential gene expression was
examined in advanced 3D in vitro models using the Nanostring 10360 panel. Log?2 fold change for: A+D) hypoxia
inducible factor 1 subunit alpha (HIF1A4), B+E) aldolase, fructose-bisphosphate A (ALDOA), C+F) aldolase,
fructose-bisphosphate C (ALDOC), G+J) pyruvate dehydrogenase kinase 1 (PDKI), H+K) hexokinase 2 (HK2),
and I+L) enolase 1 (ENOI) are shown. Timepoint comparisons between day 3-21 against day 1 as baseline in the
co-culture model in optimal culture media condition are shown in A-C/G-1. Culture media conditions representing
augmented regime (A) versus optimal regime (B), and chondrocyte monoculture versus co-culture with fibroblast
in both culture media conditions were compared at each timepoint in D-F/J-L. Statistical significance is denoted
by *(p<0.05), **(p<0.01) and **x (P<0.001). The horizontal dotted lines represent log2 fold change of >1.5 or
<-1.5.

intracellular glucose sensor’®’. Hexokinases catalyses the conversion of glucose to
glucose-6-phosphate (G6P), which is the first step of glucose metabolism common to
both the glycolytic and oxidative phosphorylation pathways®’°. It acts as an important

regulator of cellular glucose metabolism, and its levels and activity are increased in
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joint pathology. The expression of HK2 was found to be increased in primary human
chondrocytes in severe osteoarthritis with elevated G6P levels confirmed with
metabolomic study®”®. HK?2 expression was up-regulated by TGF-B in osteoarthritis®’#,
whilst increased HK2 expression was associated with raised IL-6, IL-8 and MMPs

expression in human fibroblast-like synoviocytes in rheumatoid arthritis®”>.

Another PPI for the response to hypoxia was with BNIP3 and BNIP3L. Together with
BBC(C3, the three DEGs encode proteins associated with the pro-apoptotic BCL2 protein
and are involved with mitochondrial function. BCL2 interacting protein 3 (BNIP3) and
BNIP3-like (BNIP3L) form a complex that localises to the mitochondria, acting as a
key regulator to induce mitophagy3’% 377. Mitophagy is a form of autophagy which
involves the removal of dysfunctional or excess mitochondria. It serves to preserve
mitochondrial function and limit the production of reactive oxygen species (ROS).
This is important because ROS activates pro-inflammatory pathways, such as NFxB,
which up-regulates cytokines such as IL-6, IL-13 and TNF-a and matrix
metalloproteinases, whilst limiting the production of glycoasaminoglycans and type 11

collagen’®’

. Together this disturbs the balance between catabolic and anabolic
activities, with resultant matrix degradation as seen in arthritic diseases with loss of
cartilage and would be detrimental in the context of cartilage tissue engineering. This
underlies the key role of the mitochondria in cartilage homeostasis. In terms of
stimulus, mitophagy occurs in response to adverse physiological stimulus such as
hypoxia and nutrient deprivation. Studies have confirmed the role of HIF1A in the
transcriptional up-regulation of BNIP3L-mediated mitophagy in response to
hypoxia’¢. The paired up-regulation of BNIP3 and BNIP3L in the co-culture model at

chronic timepoints suggests a cellular response at the mitochondrial level to

physiological stressors, possibly hypoxia-driven given the rise in HIFIA.

Interestingly, all DEGs associated with the response to hypoxia, except for HIF14,
demonstrated an up-regulation of gene expression in the optimal culture media
condition when compared with the augmented media regime (figure 7.36 E/F/J/K/L).
This is in sharp contrast to previously examined DEGs in the co-culture model,
whereby the augmented culture media regime with nutrient restriction was usually
associated with up-regulation of gene expressions. Whilst HIF'1A infers direct cellular
response to hypoxia, the other DEGs discussed in this section relates to cellular

metabolism. This observation therefore could potentially be explained by the increased
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metabolic demand associated with the increased cell proliferation associated with the
optimal culture media condition. Increasing cell stress in turn leading to the up-
regulation of metabolically-relevant DEGs. Whilst it is feasible that increased cell
proliferation in the optimal culture media condition leads to increased ECM
production, which in turn limits oxygen diffusion within the in vitro model, the data

from the culture media effects would suggest otherwise (figure 7.36D).

Finally, BBC3 encodes the BCL2 binding component 3 which is a pro-apoptotic
member of the BCL-2 family of proteins. It acts to increase mitochondrial outer
membrane permeability and induce apoptosis. It was significantly up-regulated on day
3 and 5, but not at chronic timepoints (figure 7.37C). As such, this protein is unlikely
to be involved in the processes relating to the altered metabolism in hypoxia seen
mostly at chronic timepoints. It may participate in cell disturbance associated with cell

handling during model creation given its early up-regulation.

Overall, in tissue engineering, whilst there are growing evidence of hypoxic conditions
supporting chondrogenic differentiation of mesenchymal stromal cells (MSCs) during

the expansion or differentiation phase of culture, a recent systematic review also
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Figure 7.37 Change in gene expression of BCL2-related DEGs over time. Differential gene expression was
examined in advanced 3D in vitro models using the Nanostring 10360 panel. Log?2 fold change for: A+D) BCL2
interacting protein 3 (BNIP3), B+E) BCL2 interacting protein 3 like (BNIP3L), and C+F) BCL2 binding
component 3 (BBC3) are shown. Timepoint comparisons between day 3-21 against day 1 as baseline in the co-
culture model in optimal culture media condition are shown in A-C. Culture media conditions representing
augmented regime (A) versus optimal regime (B), and chondrocyte monoculture versus co-culture with fibroblast
in both culture media conditions were compared at each timepoint in D-F. Statistical significance is denoted by *
(p<0.05), *#(p<0.01) and ***(P<0.001). The horizontal dotted lines represent log2 fold change of >1.5 or <-1.5.
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revealed that this was not always substantiated in proteomic studies and continuous
hypoxic conditions have yielded mixed results’’> 378 37° The interplay between
hypoxia and cellular metabolism, in quiescent versus metabolically active
chondrocytes, the control of chondrocyte differentiation, and phenotype and functional
maintenance during prolonged culture are complex and therapeutic targets to augment
cartilage regeneration remain a work in progress. Nonetheless, the differential gene
expression analysis revealed a temporal effect of the model’s response to hypoxia and
metabolism. This indirectly indicates the dynamic nature of the model as illustrated by
the rising metabolic activity with the alamar blue assay in chapter 6. Further research
is required to understand the optimal oxygen tension and metabolic state most

conducive to cartilage regeneration for product development.
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7.4 Chapter Limitations and Summary

The purpose of this chapter was to further characterise the advanced 3D in vitro model
for the purpose of biocompatibility testing and product and process improvement as
relevant to cartilage tissue engineering. Notably, the technical challenge of cell
extraction from cross-linked hydrogel samples directly limits the feasibility of

downstream assays for the assessment of toxicological endpoints.

Considerations for these included western blotting for genotoxicity assessment testing
for proliferating cell nuclear antigen (PCNA), poly-ADP-ribose polymerase (PARP)
and phosphor-52, and the examination for the presence of micronuclei in binucleated
cells using the cytokinesis-block micronucleus assay. Alternatively, oxidative stress
could be assessed via the determination of the levels of activity of anti-oxidant
enzymes such as superoxide dismutase and peroxiredoxin and the levels of anti-
oxidant peptide, glutathione. With the proposed, commonly used assay techniques,
residual bio-ink in the samples is likely to cause material interference and interfere
with the validity of the results. Furthermore, the cell extraction process may cause

adverse biological effects introducing potential confounding variables.

In-situ techniques were explored, including imaging using confocal microscopy and
immunohistochemistry (IHC) assessment, although both were unsuccessful. With both
techniques, the goal included the characterisation of the model in a 3D manner to
understand cell distribution and cellular state in the model’s peripheries and center.
Initial trials with confocal microscopy including the application of Z-stack did not
produce useable images (data not shown). A combination of factors hindered the
application of confocal microscopy, such as sub-optimal stain penetration and time
constraints for the attainment of representative z-stacks in cultured samples. IHC was
also trialled but difficulty was encountered to produce reliable fixation to permit
slicing for IHC staining and imaging purposes. Standard and augmented protocols for
formalin fixation and paraffin embedding did not overcome the technical barrier of

achieving thin slices of the soft hydrogel sample (data not shown).

As such, efforts were focused upon the optimisation of RNA extraction, given an initial
successful pilot testing. Following a series of optimisation studies, the objective of
RNA extraction was achieved, with the yield of good quality (integrity) RNA with

acceptable purity and adequate, albeit low, quantity. The next step was to rationalise
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the application of the extracted RNA. RNA sequencing, whilst being a high-throughput
technique permitting the sequencing of thousands of transcripts and therefore a wealth
of information, it also requires additional sample processing (e.g. reverse transcription
for cDNA), additional RNA input quantity and expert bioinformatics support. As such,
a panel-based technique was preferred, where both qPCR array and Nanostring was
considered. Technical advantages (namely lower RNA input quantity) and the multi-
plex capabilities of up to 800 genes led to the selection of Nanostring as the technique

of choice.

A limitation of the study is the lack of fibroblast isolation and therefore the assessment
of the influence of each cell type upon the co-culture model. Whilst the comparison of
the chondrocyte monoculture and co-culture models offered some insight, the

assessment of the material-host interaction using fibroblast was absent.

Nonetheless, the application of differential gene analysis using the Nanostring
technology permitted a broader characterisation of the advanced in vitro models. The
result substantiated the rise in pro-inflammatory response noted in the direct
measurement of the cytokines with ELISA, whilst DEGs relevant to ECM and
response to hypoxia revealed model characteristics congruent to what would be
anticipated in a model of cartilage regeneration. The study demonstrated a clear
temporal effect with varying biological processes and signaling pathways enriched at
acute and chronic timepoints. In particular, the TNF and interferon signaling pathways

may be of research interest due to their up-regulation in the model.

The use of a panel-based technique with broad gene and biological process coverage,
whilst providing a global overview of the in vitro model, the granular data required to
visualise complete biochemical pathways were lacking. For example, the Nanostring
human inflammation panel consist of 249 genes, whereas the I0360 panel of 770 genes
encompassed 25 biological processes with an average coverage of 54 genes per
biological process (range 17-100 target genes per biological process). In this case,
differential gene analysis permitted the identification of target genes and biological
processes of interest, but was not suited for the delineation of specific pathway

components of interest to generate detailed hypothesis for further testing.
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Overall, this chapter generated a reliable RNA extraction strategy for the advanced 3D
in vitro model, contributing to the creation of the SOP (appendix 1). A global
assessment of the advanced 3D in vitro model was undertaken, with multiple variables
examined including the effects of time, culture media conditions and comparison
between mono- and co-culture systems. This data provides an indication of the
biological effects of the nanocellulose-based bio-ink with respect to cartilage tissue
engineering, whilst establishing model characterisation data to enable future model

modifications or further testing.
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Chapter 8: Discussion
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This thesis aimed to address the biocompatibility of nanocellulose-based bio-inks
intended for cartilage tissue engineering, for facial reconstruction purposes. The goals
were to create an advanced 3D in vitro model, with which biological testing of the
nanocellulose-based bio-ink was conducted against human chondrocytes and human
dermal fibroblasts. A secondary aim was to refine the bio-ink formulation and cross-

linkage processes based on optimal biological effects.

The creation of the in vitro model was preceded by assessment of the three bio-ink
components (nanocellulose, alginate and hyaluronic acid) which encompassed sterility
testing, biological testing of their cytotoxic and pro-inflammatory effects and with the
latter two components, their cross-linkage behaviour. Sterility was established using a
microbial growth assay. Cytotoxicity was assessed using the erythrosin B exclusion
assay and with cell morphology for cells in 2D culture, and the alamar blue assay and
LDH assay for cells in 3D culture. The pro-inflammatory effects were determined with
the quantification of IL-6 and IL-8 with ELISA. The biological effects of each bio-ink
components parts were assessed individually initially, in accordance with the pre-
cautionary principle in toxicology. Further evaluation of the in vitro model was
conducted with differential gene expression analysis using Nanostring following the

successful trial of RNA extraction from the cross-linked hydrogel models.

The study defined the final bio-ink formulation to consist of ETC (nanocellulose),
alginate and non-tyramine-substituted HA in the low concentration reconstituted in
media, and a standardised cross-linkage method with 0.1M CaCl, over 25 minutes in
a silicon mold. Whilst superiority of the bio-ink inclusive of HA was seen with
heightened cellular metabolic activity, all models demonstrated a rise in LDH and pro-
inflammatory cytokines indicative of cell activation and cell stress on day 21, with
further model development and characterisation warranted. An SOP was produced for
the creation of the advanced 3D in vitro model, as well as several endpoint assessment
techniques directly applicable to the model. The study also confirmed the suitability
of Nanostring for differential gene expression analysis, which identified several areas

of interest for further investigations.
8.1 Data generated based on the pre-cautionary principle

Tissue engineering is a multi-disciplinary field which thrives on the cross-pollination

of skills and knowledge across a wide spectrum of specialties*®°. This spans disciplines
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such as cell biology, material sciences, bioengineering and surgery. Whilst a TEP
intended for market are subject to regulatory toxicological assessment to ensure safety
and biocompatibility, the pairing of in vitro toxicology and regenerative medicine
during early to mid-point product development does not appear to be a common
occurrence. As such, the assessment of the biological effects of bio-ink candidates in
line with the pre-cautionary principle is relatively less commonly found in the
literature. The next sections detail new and original contributions to existing

knowledge as relevant to 3D bioprinting cartilage using a nanocellulose-based bio-ink.
8.1.1 Pro-inflammatory effects of tunicate-derived nanocellulose

Whilst nanocellulose are generally considered to be of limited toxicity, studies have
shown potential adverse biological effects depending on their physical characteristics,
exposure routes and administered dosage?®®. In tissue engineering, modern bio-inks
are often composite in nature, especially for those incorporating nanocellulose in order
to incorporate polymers capable of gelation to achieve a stable construct'®. The
overwhelming majority of studies investigating cell viability and cytotoxicity of
nanocellulose-based bio-ink involves that of the composite bio-ink. As such, there is a
relative paucity of direct comparisons of different nanocellulose forms, nor
assessments of nanocellulose alone (i.e. free from other bio-ink additives) against an

end-application relevant cell type, in this case, chondrocyte.

The direct comparison of the cytotoxic and pro-inflammatory effects of three forms of
variably functionalised tunicate-derived nanocellulose fibrils (enzymatically pre-
treated (ETC), TEMPO-mediated oxidised (TTC) and carboxymethylated (CTC))
against the C20A4 cell line (human chondrocyte) in chapter 3 identified ETC as the
least pro-inflammatory form across all timepoints. This filled a knowledge gap in the
literature and permitted the selection of ETC as the nanocellulose form to take forward

for further investigation.

As nanocellulose is currently explored as a bio-ink candidate for a variety of tissue
regeneration, such as bone, nerve, skin, corneal and vascular tissues, specific tests
against relevant cell types would be prudent to ensure results validity. This could be
expanded to include composite tissue regeneration, such as joint replacement with
bone and cartilage cell types, or vascularised tissue constructs including both the

primary cell type supplemented by vascular endothelial cells.
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Inflammation, beyond the acute phases of wound healing, can be a key determinant of
success of an implanted tissue-engineered cartilage construct. Potential alternative
cellular analytical methods and the investigative strategy taken in this project is hereby

further discussed.

Techniques relevant to the evaluation of pro-inflammatory effects in the in vitro setting
can include the ELISA and Western blot analysis, providing quantification of various
cytokines and pro-inflammatory mediators, as well as qRT-PCR and RNA sequencing
for gene expression analysis. In this project, due to the number of material and cross-
linker options (forms and concentrations), a focused selection of cytokine and
chemokine (IL-6 and IL-8) were used to determine the suitability of various materials
(chapters 3, 4, 5). The presence of marked pro-inflammatory response would indicate

potential hazards, supporting the use of more favourable materials options.

In order to gain a more holistic inflammatory profile of the in vitro cell systems, the
combined assessment of pro-inflammatory (e.g. IL-6, IL-8, IL-1B, TNF-o and IL-18)
and anti-inflammatory mediators (e.g. IL-10, IL-4 and IL-37) would prove beneficial.
Although not undertaken in this project in view of the planned global assessment of
the cell systems via differential gene analysis, this approach would be most applicable
in the toxicological testing of the bio-inks in the advanced 3D in vifro models (chapter
6). The strategy of using a broader panel-based testing early vs a focused examination
using key cytokines of cell systems are each associated with their respective benefits,
limitations and resource requirements. In this project, the use of IL-6 and IL-8
permitted the refinement of the bio-ink and the cross-linkage process, whilst the
differential gene analysis with Nanostring highlighted multiple potential cell signalling
pathways of interest which guides future proteomic-based studies to validate findings

and deepen understanding of the roles of relevant biochemical pathways (chapter 7).
8.1.2 Time- and dose-dependent cytotoxicity of CaCl; and H,0:

CaCl; is a commonly employed ionic cross-linker for bio-inks incorporating alginate.
A variety of concentration has been reported in the literature ranging from 0.1 to 1.0M
applied across various bio-ink systems, with application times in the range of minutes
but occasionally reported in hours?!? 219 221,223,224 Tq appropriately account for the
biological effects of the in vitro model, toxicity induced via the fabrication process

must be taken into consideration. The cytotoxic and pro-inflammatory effects of CaCl,
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against HFF-1 and C20A4 cells lines, at dosage and timescale relevant for cross-
linkage for the purposes of the in vitro model as reported in chapter 4, has not been
previously reported. Similarly the effects of H,O» against HFF-1, a known inducer of
genotoxic and cytotoxic effects in mammalian cells, as studied in chapter 5, provided
crucial data which led to the transition towards a triple component bio-ink as described
in the SOP (appendix 1) and subsequent testing as used in the advanced 3D in vitro

model in chapter 6 and 7.
8.2 Standardisation of bio-ink components

The conversion of bio-ink material contents from ratios to concentrations was
particularly helpful to permit comparisons of singular variables and determination of
its effects. Whilst not necessarily a novel principle, bio-ink formulations in ratios are
relatively common in the field of tissue engineering??*- 224227, As highlighted in chapter
2, ratio-derived bio-ink formulations have varying concentrations of all bio-ink
components, each of which can contribute to altered material behaviour. In chapter 5,
the comparison of two HA concentrations, by merit of the conversion to a
concentration-based formulation, permitted direct comparison of the biological and
cross-linkage dataset for the selection of the optimal HA concentration for bio-ink and
in vitro model creation. This approach is likely to support future bio-ink developments

whilst ensuring reproducibility.
8.3 Creation of an advanced 3D in vitro model

The application of a standardised and characterised advanced 3D in vitro model for the
purpose of biological testing of bio-inks intended for 3D bioprinting is a novel concept.
Whilst many studies in the field of tissue engineering evaluate cell viability and
cytotoxicity associated with biomaterials (3D printed or casted) with cell metabolic
assays (e.g. the MTT assay), immunostaining (e.g. live/dead staining) or other
techniques, the system parameters including cell densities and hydrogel dimensions
may vary depending on the assay employed and are therefore specific to the
assessment in question and are not standardised. Timepoints employed for
characterisation or endpoint assessment are also relatively limited compared to the

current study.
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The value of an advanced 3D in vitro model developed for a specific application is its
reproducibility, and in bridging a gap between an overly simplistic in vitro model and
in vivo studies. As highlighted previously, the successful clinical translation of a TEP
requires examination of many variables and combinations of variables, which may be
time- and cost-prohibitive. The availability of an advanced in vitro model could
potentially accelerate future developments of the bio-ink and bio-fabrication process
by streamlining products relevant for further testing in an in vivo setting. The in vitro
model can also support additional testing to elucidate mechanisms behind observed

biological effects.

Indeed, the development of complex in vitro models (CIVMs) are on the rise and has
been adopted in a variety of settings. Its use as cancer models may be an apt analogy
as new oncology therapies carry the lowest success rate of proceeding from phase I

trial to FDA approval across all sectors at 3.4% (2000-2015)38!,

A recent survey conducted by the EU Reference Laboratory for alternatives to animal
testing (EURL ECVAM) in 2021 found growing interest in CIVMs. This is reflected
by a four-fold increase of publications related to CIVMs annually (2014-2018),
international institutions investing in CIVMs (e.g. Horizon 2020 and Innovative
Health Initiative (formerly known as the Innovative Medicines Initiative) in the EU,
and the National Centre for Advancing Translational Sciences and Food and Drug
Administration in the US), and their applications in pharmaceutical companies

including GSK, AstraZeneca and Pfizer.

CIVMs are developed to mimic a variety of physiological conditions and
microenvironments, with wide ranging applications from disease modelling such as
with cancer models to therapy development including drug screening. They can be
tailored to be human-specific, permit control over specific experimental variables, be
highly reductive to best support high-throughput assays (e.g. for screening high
volume of chemicals), or be highly complex to more closely mimic in vivo
microenvironment which can serve to establish mechanisms. It supports the 3Rs
movement for the replacement, reduction and refinement of animals used in research.
However, CIVMs lack whole organism representation and therefore, in its current
form, seeks to complement animal studies. It may provide an avenue for individualised

medicine by using patient’s own cells for model creation which addresses variation in
y
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patient phenotypes. Validation of CIVMs is recognised to be an important pre-requisite
for their recognition and adoption in the regulatory setting in the EURL ECVAM 2021

survey and remains an area of evolution.
8.4 RNA extraction and transcriptomic study with Nanostring

In parallel to advances in CIVMs, technological progressions in the field of
transcriptomics could be leveraged to catapult efforts in tissue engineering. Alongside
increasing ease and utilisation of RNA-sequencing, the vast accumulation of data
yielded the availability of a human atlas of cell transcriptomes**? and the Compendium
for Biomaterial Transcriptomics (cBiT), a repository of biomaterial-based
transcriptomic dataset which details cell and biomaterial interactions 333, Together,
they represent powerful data resources to map native human biology processes against
which pathological or tissue engineered processes could be compared with. Although
not employed in this study, spatial transcriptomics and single cell transcriptomics may
prove insightful, particularly in distinguishing cell behaviour at the core of a TEP
construct reflecting the primary cell function, in this case, the chondrocyte; whilst the
ability to identify individual cells such as the fibroblast, in the periphery of the TEP
construct, can shed light on processes relevant to implant integration and foreign body

reaction.

Relating to this study, a key contribution is the successful development of an RNA
extraction protocol from the cross-linked hydrogel construct as detailed in chapter 8.
Low yield in terms of quantity was a common finding when compared to previous in-
house attempts. High variance in quantitative polymerase chain reaction (qQPCR) data
was observed in past studies, although this may not be attributed to RNA quality
(unpublished data). The RNA yield in the current study, whilst of good integrity as
represented by an average RIN score of 8.5, was limited by low quantity. Despite a
relatively low RNA input quantity, differential gene analysis using Nanostring showed

good concordance across the biological replicates.

To date, qQPCR and RNA sequencing are key techniques in small scale and genome-
wide gene expression studies, respectively. The Nanostring nCounter System offers an
alternative which examines hundreds of genes. As discussed in chapter 7, it benefits
from a low RNA input requirement, which suited the current advanced 3D in vitro

model well. However, its panel-based nature, similar to qPCR, carries the inherent
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limitation of the examination of known gene targets only. Furthermore, as of early
2024 when the Nanostring experiment was conducted, of the hundred or so available
Nanostring panels, none was geared towards regenerative medicine. Whilst custom
panels or gene additions were available, the cost-benefit ratio rapidly deteriorates with
increasing number of target genes added. Based on the transcriptomic study data in
chapter 7, it can be concluded that Nanostring is an excellent application as a
multiplexed gene expression analysis technology compatible with RNA extracted from
the advanced 3D in vitro model in this study. With the appropriate selection of
Nanostring panel, it is more efficient in generating greater volume of data output when
compared with qPCR methods, and does not require specialist bioinformatics expertise
for data analysis as is the case with RNA-sequencing. However, due to the incomplete
interrogation of the transcriptome and the broad range of biological processes covered
with the 10360 panel, it was difficult to derive definitive conclusions regarding
pathway enrichment. As such, it is proposed that RNA sequencing may be a good
option to identify biological processes of interest which could offer new insight or
identify novel genes of interest, following which Nanostring panels relevant to specific

biological processes (e.g. inflammation) are employed for efficiency.
8.5 Material characterisation and lack of reference material

Material characterisation in the forms of detailed physico-chemical characterisation,
of both the raw form of nanocellulose and as a composite triple component bio-ink, is
crucial to support toxicological data¢® 384385 'Whilst this is outwith the remit of this
study, its relevance is recognised and work is underway to address this need. In TEPs,
further complexity is introduced from the biofabrication process. For example, cross-
linkage parameters can alter scaffold porosity which directly impacts biological
function such as gas exchange, nutrient transport, cell migration and
neovascularisation®®® 37, 1.e. the biological effects measured is specific not only for
the raw nanoparticle and composite bio-ink formulation, but also with the system

tested.

Drasler et al described four widely accepted, salient points with regards to in vitro
approaches for hazards assessment of nanomaterials*®®. This included material
characterisation, the use of realistic dosage and exposure conditions, the use of positive

and negative controls and a multiple endpoint approach together with multiple assays
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for each endpoint. The authors highlighted that a benefit of employing controls is to
support intra- and inter-laboratory comparisons. In culmination, these approaches
serve to enhance results reproducibility, relevance and validity, and are considered

good practice.

In the context of tissue engineering, cells are often encapsulated within the cross-
linked biomaterial, as is the case in the advanced 3D in vitro model in this study. As
such, there are inherent challenges in achieving a negative control. As is commonly
described in the literature, the use of 2D cell culture devoid of material exposure was
used as the negative control?>* 226: 231, However, differences in 2D versus 3D cell
culture automatically deem results not directly comparable. This raises the topic of a
reference material, with stable and defined physico-chemcial properties and validated
toxicological data for specific toxicological endpoints and assessment methodologies.
Appreciation of the relative lack of reference engineered nanomaterials and efforts to
address this is emerging, such as with material groups including metals and metal

oxides, and gold nanoparticles$8-3%.

Although in the relative minority, studies evaluating nanocellulose-based biomaterial
for cartilage tissue engineering purposes have used surrogate materials as controls.
Examples include the use of a sterile Eppendorf lid cultured in media ?*’, and the
Gore® Dualmesh biomaterial made of polytetrafluoroethylene (ePTFE)**2. Whilst
both substitutions may offer advantages over 2D cell culture, the discernible difference
with tissue-engineered implants are that the material is designed to be bioactive and
support cell growth and differentiation for tissue regeneration, in contrasts to
traditional synthetic implants which are designed to be inert. Using ear reconstruction
as an example, whilst Medpor, a polyethylene implant that currently serves as a
standard of care for patients undergoing total ear reconstruction when autologous
(patient’s own) cartilage is not used, for the reasons outlined, it would not be an ideal
reference material for said purposes as the material was not designed to be a cell
carrier. An alternative could be Matrigel, a widely utilised basement membrane
preparation established from mouse sarcoma. Its thermosensitive gelation properties,
achieving a solid gel state at physiological temperatures (37°C) and transitions to a
liquid state at cool temperatures (<10°C), could simultaneously support 3D in vitro
modelling and remove the need for cross-linkage and reduce potential adverse effects

from cell dissociation procedures. Nonetheless, it would require detailed
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characterisation to establish its cytotoxic and pro-inflammatory effects against relevant

cell types, specific experimental parameters and methodologies for endpoint testing.
8.6 Future directions

Whilst in vitro toxicology is not classically embedded amongst the multi-disciplinary
team in tissue engineering, TEPs as a form of advanced therapy medicinal products
are subjected to product development challenges as with pharmaceuticals and
regulatory toxicology when ready for market. Therefore, an awareness and considered
adoption of current advances in in vitro toxicology may potentially enhance and

expedite efforts in tissue engineering towards clinical translation.

Table 8.1 illustrates potential avenues for future work, and are categorised as follows:
1) Model development - to enhance the complexity and relevance of the advanced 3D

in vitro model,;

i1)) Model application - to expand the application of the in vitro model for the

investigations of alternative facets relevant to cartilage tissue engineering, and

ii1) Investigative modalities — to explore alternative assessments modalities of the in

vitro model.

Despite over twenty years of research and development involving tissue-engineered
cartilage specifically for head and neck applications, there is a predominance of in
vitro and in vivo studies with nude mice, whilst progress towards clinical translation is
limited to phase I/I1a clinical trials**!. Anatomical sites relevant for tissue-engineered
cartilage in the head and neck include the ear, nose, eyelid, larynx and trachea. Total

ear or tracheal reconstruction may represent the most challenging clinical scenarios.

The publication of the first clinical application in 2008, and its five year follow-up in
2014, of a tissue-engineered, decellularized trachea from a human donor populated
with the recipient patient’s own epithelial cells and MSC-derived chondrocytes invited
much interest in the field of regenerative medicine** 32, In the ensuing years,
investigations were conducted regarding the efficacy and ethical concerns surrounding
this case. Airway reconstruction carries potential for significant morbidity and
mortality. It is a high-risk site, and albeit with an unmet clinical need, alternative head

and neck sites, such as the ear, may be associated with a relatively more limited
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Table 8.1. Future work proposed.

Future work

Model e Use of human or alternative factors to achieve non-animal-derived model -
development e.g. substitution of FBS with human platelet lysate, trypsin with accutase.

e Incorporate immune modelling in vitro — with the introduction of immune
cells; e.g. with Transwell inserts for indirect contact.

e Explore the effects of fluid flow on model characteristics — e.g. with

microfluidic system to mimic capillary blood flow surrounding in vivo implant.

Model ¢ 3D bioprinting — to 3D print models instead of casting with mold to more
application closely mimic the end-application scenario; printing parameters can be tested
(e.g. printing speed, sheer rate, nozzle diameters).

e Use of autologous (patient’s own) cells — instead of cell lines to identify
patient-specific responses.

e Investigate known culture conditions associated with heightened

chondrogenesis — e.g. hypoxic conditions, mechanical agitation, growth factors.

Investigative e In-situ live cell imaging — e.g. laser scanning confocal microscopy to track
modalities cell migration and proliferation.

e RNA-sequencing — with single cell or spatial RNA sequencing to investigate
cell-material and material-host interactions.

e Investigation of other toxicological endpoints — e.g. oxidative stress and
genotoxicity.

e Model functionality — e.g. ECM formation

morbidity and mortality profile. Furthermore, rigorous scientific conduct in line with
the Good Clinical Practice which provides a framework and international standard for

the design, conduct, recording and reporting are mandatory of all clinical trials.

Notable clinical studies of tissue engineered cartilage for ear reconstruction included
Zhou et al’s study in 20183%* and more recently the AuriNovo trial in 2023. The former
described the use of expanded ear chondrocytes from patients with microtia
(congenital malformation of the ear) with a composite synthetic scaffold consisting of
PCL, PGA and PLA3%, This study involving five patients with microtia demonstrated
cartilage formation and acceptable aesthetic outcomes at 2.5 years, but lack further
longitudinal follow-up. Theoretically, eventual cell fate of chondrocytes expanded
from congenitally dysplastic tissue following implantation is uncertain, despite
adequacy during in vitro expansion. Furthermore, whilst synthetic compounds offered

enhanced tunability, mechanical strength and lack potential batch-to-batch variability
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associated with organic materials, there is a greater potential for heightened foreign
body response following implantation which can be particularly detrimental in
reconstruction where lifelong shape maintenance is key. Between 2021 and 2023, two
patients with microtia were recruited in the AuriNovo trial (ClinicalTrials.gov ID
NCT04399239). This US-based Phase I/Ila trial utilised a 3D-bioprinted collagen
hydrogel scaffold seeded with patient’s own ear chondrocytes. The latest update of the
trial, which was sponsored by 3DBio Therapeutics, was from March 2024 via
ClinicalTrials.gov, which stated that the study was terminated citing “company

decision, not safety related”.

Taken together, the above highlights that the influential factors associated with the
success of a tissue engineered product is multi-factorial. Factors worthy of
consideration for successful clinical translation may include ensuring optimal cell
source for stable and functional cell phenotype, minimising foreign body response
such as with the use of natural biomaterials or augmentation of synthetic compound,

and prudent navigation of commercial, academic and clinical collaborations.
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Appendix 1: Standard operating procedure for the creation of advanced 3D in

vitro models

Appendix 1 refers to the standard operating procedure (SOP) for the creation of
advanced 3D in vitro models for toxicity testing of nanocellulose-based bio-inks
intended for cartilage 3D bio-printing. The laboratory methodologies to create the
advanced in vitro models have been described previously in the thesis, but as separate
components across chapters 3 to 5. Building on this, the methodology is presented here
in its entirety in SOP form. This is preceded by a summary of the research conducted
in this thesis which informed the SOP, which are outlined in appendix 1.1. The process
to create the advanced 3D in vitro models is illustrated in appendix 1.2. The SOP is

presented in appendix 1.3.
A detailed outline of the four key parts of the SOP (appendix 1.3) is as follows:

i.  Cell culture procedures for both the HFF-1 and C20A4 cell lines.

ii.  Creation of two bio-inks: i) ETC:Alginate in media, and ii) ETC:Alginate:N-
HA (low) in media.

iii.  Creation of the cell-seeded hydrogel discs to create three culture models: 1)
HFF-1 surface-seeded monoculture, ii) C20A4-encapsulated monocultures,
and iii) a co-culture model combining (i) and (ii). This can be applied with
either bio-inks described in (ii).

iv.  Tests and assays applied to the advanced 3D in vitro models created by the SOP
for toxicity testing. This includes the alamar blue assay, ELISA, LDH assay
and RNA extraction. Methods and assays including the modifications of

techniques required for the 3D in vitro models are described.
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Appendix 1.1 Summary of recommendations informing SOP creation

The stages and rationale for the selection of specific materials or procedures are
illustrated in appendix 1.2, and hereby outlined for clarity. Due to the interconnected
nature of bio-ink formulations, cross-linkers and the cross-linking system using silicon
molds, despite being represented sequentially in appendix 1.2, some studies relating to
these parts occurred in parallel. Sections referenced here in appendix 1.1 refer to

sections within the main thesis (i.e. not the SOP/appendix).

Stage 1 refers to the selection of the nanocellulose form, with autoclave-sterilised pulp-
derived nanocelluloses excluded due to non-sterility at latter timepoints (section 3.3.1).
ETC was chosen between three forms of tunicate-derived nanocellulose as it was the
least pro-inflammatory based on IL-6 and IL-8 release profiles (section 3.3.2.2).
Stage 2 focused on the selection of the cross-linker agent and its concentration. CaClz
was first tested as the cross-linker for alginate. Amongst three CaCl, concentrations,
the lowest concentration (0.1M) was selected due to the dose- and time- dependent
cytotoxicity profile against HFF-1, and preserved viability with C20A4 with 0.1M
CaCl; (section 4.3.3).

Stages 3 to 7 described efforts to create a nanocellulose-based bio-ink inclusive of HA,
a native human cartilage component. Bio-inks of nanocellulose and T-HA were
unsuccessfully cross-linked with the cross-linker H>O» at low concentrations (section
5.3.1.4), whilst high H>O: concentrations were associated with unacceptable
cytotoxicity (section 5.3.1.3). Therefore, the concept of a triple component bio-ink was
introduced. This was successfully piloted, leading to the creation of the bio-ink
ETC:Alginate:N-HA (low) in media for cross-linkage with 0.1M CaCl,. As part of this
transition, a non-tyramine-substituted form of HA was introduced to more closely
mimic native HA. Two HA concentrations were tested. The low N-HA concentration
was selected due to equivocal cytotoxic and pro-inflammatory profiles (section
5.3.2.2), but markedly shortened cross-linkage time requirement (section 5.3.2.3),
thereby limiting cross-linker toxicity. This leads to the definition of the cross-linker
application time, which was defined at 15 minutes for the bio-ink ETC:Alginate in
media (section 4.3.4.1) and 25 minutes for ETC:Alginate:N-HA (low) in media
(section 5.3.2.3.1), both cross-linked with 0.1M CaCl,.
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The final part of the SOP involved cell seeding. Due to the low physiological cell
density of HFF-1, three cell densities were examined during cell line characterisation,
which identified 2x10* cells/cm? (mid) as the most suitable (section 2.8.5.1), and
therefore adopted for the SOP.
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Appendix 1.2 Schematic for the creation of the SOP for advanced 3D in vitro

models for the testing of bio-inks intended for cartilage tissue engineering

Nanocellulose selection Cross-linker selection Bio-ink ti
(ETC) (0.1M CaCl,) io-ink creation

@ + Cal. ETC:Alginate
o in media
Alginate
Hyaluronic
Acid ETC:Alginate:N-HA

(low) in media

Nanocellulose Hydrogel HA selection @ Introduction of triple
(N-HA 6mg/ml) component bio-ink
]
Creation of hydrogel Cross-linking time Define HFF-1 seeding
disc with silicon molds definition density (2x10* cells/cm?)

+ cell seeding

+ — J ' PP ‘J
\ ‘ ; CY ) e on
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) == 25 min Fibroblast - Chondrocytes -
o Surface-seeded Cell encapsulation

Advanced 3D in vitro models

Human Dermal Fibroblast
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@ S (@ N
Human Chondrocyte
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Each stage (numbered) represents prior studies which informed material or procedural
choices for the final SOP. Stage 1 — Enzymatically pre-treated nanocellulose (ETC)
was chosen amongst 6 nanocelluloses due to its sterility and optimal pro-inflammatory
profile. Stage 2-7 are inter-linked elements although presented sequentially. Stage 2 —
0.IM CaCl> was chosen as it was the least cytotoxic amongst 3 concentrations tested
whilst remaining effective as a cross-linker. Stage 3 — Non-tyramine-substituted
hyaluronic acid (N-HA) at the low concentration (6mg/ml) was taken forward as the
HA form and concentration of choice due to its suitable cytotoxic, pro-inflammatory

and gelation profiles. This was selected amongst two forms of HA in two
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concentrations. Stage 4 + 5 — Two final bio-inks were created to incorporate
nanocellulose and alginate, with a triple component bio-ink version which includes
HA. Both bio-inks are cross-linked with 0.IM CaCl,. Stage 6 — Dome-shaped
hydrogel pellets were modified to be disc-shaped using silicon molds to support
surface cell seeding of fibroblast. Stage 7 — Definition of cross-linking time using bio-
ink defined in stage 4 and cross-linker in stage 2, in the system described in stage 6.
Stage 8 — HFF-1 cell seeding density was defined via cell line characterisation of three
cell densities. Cell seeding was performed with surface seeding with HFF-1 to mimic
the material-host interaction and cell encapsulation with C20A4 for the cell-material

interaction. Created with BioRender.com.
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Appendix 1.3 SOP

This project has received funding from the Royal College of
Surgeons of England, the Blond McIndoe Research Foundation,

Action Medical Research and the VTCT Foundation.

Standard Operating Procedure
(SOP)

Guidance Document:

Creation of an Advanced 3D In Vitro
Model for the Testing of
Nanocellulose-based Bio-inks for

Cartilage Tissue Engineering

Adapted from the PATROLS SOP, Meldrum K et al (Under the European Union’s Horizon 2020 research and

innovation programme. Grant agreement 218539; available from https://www.patrols-

h2020.eu/publications/sops/SOP-library-pdfs/3101-Guidance-Document-for-cell-culture-of-lung-epithelial-cell-line-
A549-.pdf?m=1636040463& - accessed 18.02.2025)
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1 Introduction

Tissue engineering aims to overcome the risks and limitations of current
reconstructive options for individuals with cartilage tissue loss, such as from
trauma, cancer or congenital conditions. With 3D bioprinting, the patient’s own
cells are loaded into a biomaterial (bio-ink), and is printed layer-by-layer to
create precise, bespoke cartilage implants, which can then be used for facial

reconstruction'2.

Nanocellulose is a relatively new bio-ink candidate?. It is a natural material with
shear-thinning and mechanical properties, particularly relevant in the context
of extrusion-based 3D printing and as a material scaffold, respectively*. While
nanocellulose demonstrates overall favourable biocompatibility, in vitro studies
available are mostly focused on raw material and pulmonary models relevant
to occupational exposures®®. Establishing the biological effects of
nanocellulose-based bio-ink, as an implantable material, is now of heightened

interest.

The development of a physiologically relevant, advanced 3D in vitro model
aims to aid: i) toxicity testing of the bio-ink, and ii) further research for the
refinement of bio-ink formulations and processes relevant to 3D bio-printing.
In reconstruction, the surgically-created implantation pocket is characterised
by active immunological and inflammatory processes, influenced by both the
effects of cell-material and material-host interactions, and wound healing. As
such, a co-culture model was created to mimic the in vivo scenario, with
chondrocyte-encapsulated cross-linked bio-ink reflecting the cartilage implant.
This model also includes surface-seeding with dermal fibroblast to simulate
the material-host interface. Toxicity testing with the advanced 3D in vitro model
are in line with the movement of 3R’s, permitting the selection or refinement of
materials and processes based on in vitro biological data, prior to in vivo

studies.
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1.1 Scope and limitations

This SOP describes the procedures required for an advanced 3D in vitro
model, developed specifically for the toxicity testing of nanocellulose-based
bio-inks for the creation of tissue-engineered cartilage implants via extrusion-
based 3D bio-printing. The scope and limitations are described as specific to
the four parts of the SOP.

1.1.1 Cell culture

Part 1 of the SOP details the cell culture procedures for the human dermal
fibroblast (HFF-1) and human chondrocyte (C20A4) cell lines intended for their
application to create an advanced 3D in vitro model.

The scope of this SOP refers to cell culture procedure, up to but not including
the stage of cell seeding for the creation of the advanced 3D in vitro model.

Limitations:

As stated by the supplier, the C20A4 cell line may display altered cell function
and loss of cell marker expression beyond 10 passages. Use of C20A4
therefore is recommended to be within 10 passages from supply. Cell line

characterisation was performed up to, and inclusive of P10.
1.1.2 Creation of bio-inks

Part 2 of the SOP details the preparation of two bio-inks. The two bio-inks
detailed are: i) ETC:Alginate in media, and ii) ETC:Alginate:N-HA (low) in
media. Both bio-inks utilises the common components of ETC (a tunicate-
derive nanocellulose fibril which is enzymatically pre-treated) and alginate. The
material form and concentrations for nanocellulose and alginate in both bio-
inks are the same. The two bio-ink differ only by the incorporation of N-HA in
bio-ink (ii).

The physico-chemcial properties of individual bio-inks, as well as the

mechanical properties of the cross-linked construct, can both influence cellular

behaviour, and therefore potentially the results of toxicity testing. As such, the
bio-ink formulation and preparatory procedures should be standardised and
defined for clarity and reproducibility. Whilst future adaptation of the SOP can
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be made for alternative bio-inks formulation, this is outwith the scope of this
SOP. With bio-ink formulatory changes, adjustments of model creation
processes may be required.

1.1.3 Creation of an advanced 3D in vitro model

Part 3 of the SOP relates to the creation of an advanced 3D in vitro model. As

described in section 1.1, there are three models:

i.  Human dermal fibroblast mono-culture (HFF-1)
- S u rfaCe_Seeded Human De;‘??]‘ Fibroblast

- Material-host interaction Fibroblast

ii.  Human chondrocyte mono-culture (C20A4)

: 600
- Cell-encapsulated @ "o Qﬁj

. . . D
- Material-cell interaction b 400

iii. Co-culture
- Surface seeded fibroblast

- Chondrocyte-encapsulated

Co-culture

The SOP also includes the procedure for the creation of silicon molds.
Limitations:

The model was characterised for use for up to 21 days. However, heightened
pro-inflammatory response was noted on day 21 in the chondrocyte
monoculture and co-culture models. This is suggestive of cell activation at
latter timepoints which may be related to a relatively high chondrocyte cell
seeding density for cell culture purposes. However, the chondrocyte seeding
density chosen for the SOP is in the lower end of the spectrum of seeding
densities in the literature, specific for cartilage tissue engineering”8.2:10.11.12.13,

Interpretation of data at latter timepoints should be undertaken with caution.

367



Swansea University SOP version: V1 23.02.2025
In Vitro Toxicology Group Page 8 of 41

1.1.4 Implementation

Part 4 of the SOP refers to several assays and methods relevant for toxicity
testing as applied to the advanced in vitro models developed with this SOP.
This includes the alamar blue assay, ELISA, LDH assay and RNA extraction.
Whilst all assays and methods followed manufacturer’s guidance in most parts,
adapted techniques and methods are described. This is predominantly related
to the 3D nature of the in vitro models, where efforts to reduce the interference

of residual bio-ink material are required.
Limitations:
All assays and techniques were applied to models of up to 21 days culture.

RNA extraction described in the SOP was successfully applied for
transcriptomic studies using the Nanostring technology. However, RNA yield is
relatively low for the chondrocyte monoculture and co-culture models
(MeantSEM 337+83ng per model), as compared to conventional 2D cell
culture models. Pooling of samples is recommended should endpoint testing
require greater quantities of RNA. In addition, RNA extraction was
unsuccessful for the fibroblast monoculture. This is likely a result of relatively
low cell numbers due to a low cell seeding density, and challenges in cell
extraction from the bio-ink material.

2 Terms and definitions

Bio-ink — composite material which represent bio-inks used for 3D bioprinting,

and for the creation of in vitro models in the SOP.

Cross-linker — chemical that acts to cause gelation of the bio-ink
Hydrogel disc — standardised 8mm diameter, 100ul cross-linked bio-ink.
Model — cell-seeded versions of hydrogel disc.

Sample — cell-seeded hydrogel disc from experimental studies (i.e. same as
‘model’, but subjected to experimental conditions; used for endpoint testing).
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3 Abbreviations

Table 1 Abbreviations

Abbreviations
3D
ATCC
CaCl
CCM
CO2
ddH20
DMEM
DMSO
DNA
EDTA
ELISA
ETC
FBS
HA
LDH
N-HA
PBS
RNA
SOP
B
UV-C

In full

3-dimensional

American Type Culture Collection
Calcium chloride

Complete culture medium

Carbon dioxide

Double-distilled water

Dulbecco’s modified eagle medium
Dimethyl sulfoxide

Deoxyribonucleic acid
Ethylenediaminetetraacetic acid
Enzyme linked immunosorbent assay
Enzymatically pre-treated nanocellulose
Fetal bovine serum

Hyaluronic acid

Lactate dehydrogenase
Non-tyramine-substituted hyaluronic acid
Phosphate buffered saline
Ribonucleic acid

Standard operating procedure
Trypan blue

Ultraviolet-C
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4  Principle of the Method

4.1 Cell culture

This SOP aims to standardise cell culture procedures for the maintenance and
expansion of HFF-1 and C20A4 cell lines in tissue culture flasks, and methods
for their cryopreservation. This is divided into the following stages:

Thawing and culturing cryopreserved cells
Subculturing cells

@ nh o=

Cryopreserving cells

4. Cell counting and cell viability assessment
Stage 4 is performed using the erythrosin B exclusion assay. Unless otherwise
specified, cell culture procedures described applies for both cell lines, due to

common methodologies.
4.2 Preparation of bio-inks

Standardised procedures for the creation of two nanocellulose-based bio-inks
are described. This includes the sterilisation of alginate, and preparatory steps
for both bio-inks. The two bio-inks are termed:

1. ETC:Alginate in media
2. ETC:Alginate:N-HA (low) in media
4.3 Creation of an advanced 3D in vitro model

This SOP covers the creation of the following three in vitro models:

1. HFF-1 (human dermal fibroblast) monoculture model

2. C20A4 (human chondrocyte) monoculture model

3. Co-culture model
The procedure for the creation of silicon molds used to shape the hydrogel
discs to create each model is also included.

4.4 Implementation

The methodologies relevant to, including adapted or added steps to
manufacturer’s guidance, are described for the following assays and
procedure:
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1. Alamar blue assay
2. ELISA/LDH assay
3. RNA extraction

5 Description of the Method

5.1 Biological setting

All procedures should be performed under sterile conditions in a laboratory-
based setting of Biological Safety Level 1 conditions or above.

The two cell lines are:

= Human chondrocyte:
The C20A4 cell line was derived from human rib cartilage and is
available from Sigma-Aldrich (SCC041). Additional information is
available from: https://www.merckmillipore.com/GB/en/product/C20A4-
Human-Chondrocyte -Cell-Line,MM_NF-SCC041

= Human dermal fibroblast:
The HFF-1 cell line was established from human skin and is available
from ATCC (SCRC-1041™). Additional information could be found from:
https://www.atcc.org/products/scrc-1041

5.2 Chemicals and reagents

Table 2 Chemicals and reagents

Materials Brand (Cat No.) 1 2 3 4
0.05% Trypsin-EDTA solution Gibco® (5300-054) Y

100% ethanol Y Y Y Y
B-mercaptoethanol Sigma-Aldrich (M6250) Y
Calcium chloride dihydrate Sigma-Aldrich (C7902) Y
DMEM (1X Dulbecco’'s Modified Eagle Gibco® (41965) Y Y Y Y
Medium); [+] 4.5g/I D-glucose, L-Glutamine;

[-] pyruvate

DMSO Y

Elastosil® RT 601 A/B Wacker Y
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Erythrosin B stain

FBS

PBS pH 7.4 1X, MgCl2 + CaCl: free
Penicillin/Streptomycin 10,000 U/ml
Qiagen AllPrep DNA/RNA MiniKit
RNAse ZAP

Sodium acetate (3M), pH 5.2

Sodium alginate*

Sodium hyaluronate* - Sterile research-
grade (molecular weight 1.59x10°Da) (N-
HA)

TrypLE™ Express Enzyme (1X), no phenol
red

Trypsin-EDTA

ETC*

Virkon (Rely*On™ Virkon® Powder)

5.3 Apparatus and equipment
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Brand (Cat No.) 1 2 3 4
Logos
(L13002)

Gibco® (10270-106) Y Y Y
Gibco® (14190-094) Y

Gibco® (15140-122) Y Y Y
Qiagen (80204)

Invitrogen (AM9780)

Scientific

Biosystem Y

<

< < < < < <

Thermo
(R1181)
Sigma-aldrich Y
(W201502)
Lifecore Biomedical, Inc Y
(HA15MS)

Gibco (12604) Y

Ocean TuniCell AS Y
Du Pont Y Y Y Y

All tissue culture consumables were purchased from Greiner Bio-One, UK,

unless otherwise specified.

Table 3 Apparatus and equipment

Apparatus and equipment

Autoclave

Bijou container (sterile, 7ml)

Cell counter

Cell culture flask (T25, T75, T175)

Cell strainer (70pm)

Centrifuge

Centrifuge tubes (15ml, 50ml, 50ml skirted)
Cryovial

Eppendorf tube (1.5ml)

Filter Unit (sterile, 0.22um Millex™-GP)

Brand (Cat No.) 1 2 3 4
Y
Y Y
Y
Corning (CLS431751) Y
Y Y
Y Y Y Y
Y
Y Y
Millipore (SLGPM33RS) Y Y Y
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Apparatus and equipment Brand (Cat No.) 1 2 3 4
Forceps, metal
Freezing container (Mr frosty™) Thermo Scientific Y

(5100-0001)
Haemocytometer Y
Incubator (37°C, 5% CO2 ISO class 2 hepa NUAIRE™ DHD Y Y Y
filter) Autoflow
Light microscope Olympus (CKX53) Y
Liquid nitrogen dewar Y
Luer-lock connector * Y
Micropipettes (P1000, P200, P100, P20) Y Y Y Y
Needle (21G) Y
Parafilm Y
Pipette controller Y
Pipette dropper Y Y
Pipette tips (non-filtered sterile, 1000ul, Y Y
200ul, 20ul)
Scale (bench top) Y
Scale (in laminar flow hood) Y Y
Skin biopsy punch tool (8mm) * Y
Spatula, metal, small Y Y Y
Static eliminator (lonizer100A) Ohaus Y
Serological pipettes (sterile 5, 10, 25ml) Y Y
Syringe (1ml, 10ml; 1ml luerlock, 5ml Y Y Y
luerlock)
Tissue (Kleenex) Y
Tissue culture hood Scanlaf Mars Y

(laminar class II, with UV-C function)

Tissue strainers (Pierce™ 250um) Thermo scientific Y
(87791)

Tissue well plate (12, 24 wells) Greiner Bio-One Y Y Y

Vortex Y Y

Waterbath (37°C) Y Y

Weighing boat (large, disposable) > Y

*Provided by ReconRegen
**Provided by IVTG
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5.4 Reporting of protected elements

To the best of our knowledge, this SOP does not contain the use of material,
procedures, or otherwise, associated with patent restrictions, specific licenses,

material transfer agreements or commercial purchase requirements.

5.5 Health and safety precautions

Standard safety procedures, protocols, manufacturer’s instructions and good
laboratory practice should be followed, including local departmental or
institutional policies. Review and adherence to guidelines relating to the health
and safety precautions relevant to the laboratory work environment and
undertaking of mammalian cell culture from the European Agency for Safety
and Health at Work are recommended (available  from:

https://osha.europa.eu/en/safety-and-health-legislation/european-guidelines,

accessed 18.02.2025). Attention should also be given to all health and safety
precautions stated in material or product safety data sheets (SDS) for
chemicals used within the SOP.

5.6 Nanomaterials used and associated handling

procedures

ETC is the only nanomaterial used in the SOP. It is a tunicate-derived
nanocellulose fibril which is enzymatically pre-treated. It is manufactured by
Ocean Tunicell, and supplied in 2.5-3.5% ETC in cell culture grade pyrogen-
and endotoxin-free water. Precautions should be undertaken as stated in the
product safety data sheet.
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5.7 Reagent preparation

5.7.1 CCM

Complete cell culture medium is made with the addition of the following to the
DMEM:

* 1% Penicillin-Streptomycin  (equivalent to Penicillin 100U/ml,
Streptomycin 100ug/ml) — antibiotic to reduce the risk of bacterial
contamination

= 10% FBS — added to basal media (DMEM) to achieve complete culture
medium

Correspondingly, for a 500ml bottle of DMEM media, add:

= 5ml of Penicillin-Streptomycin

= 50ml of FBS
Pre-warming of all three elements is not required for
supplementation. Thorough mixing is performed before use. Supplemented
culture medium is stored at 4°C, and used within 3 months.

5.7.2 Freezing medium

The freezing medium is made by adding 10% (v/v) DMSO to the CCM. For
example, 1ml of freezing medium would consists of 900ul media and 100yl

DMSO. Freezing medium should be freshly prepared immediately prior to use.

5.7.3 CaClz

1. Make up 1.0M CaCl: stock solution (e.g. for 30ml of 1.0M solution, add
30ml sterile ddH20 to 4.41g). Mix by vortex.

2. Filter 1.0M CaCl, stock solution using a sterile 0.22um Millex™-GP
Filter Unit and 10ml syringe.

3. Make up 0.1M CaCl: stock solution by diluting filtered 1.0M CaClz stock
solution (e.g. for 40ml of 0.1M solution, add 4ml of 1.0 M CaCl: to 36ml
of sterile ddH20). Mix by vortex.

4. All CaCl: stock solutions are stored at 4°C.
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5.8 Procedures

Decontaminate all equipment, including tissue culture hood and lab benches
with 70% ethanol prior to use. Equipment and cells in their containers taken
into tissue culture hood are disinfected in the same manner. Ensure the lid and
openings of vials and bottles placed in the waterbath are above the waterline
and not submerged to minimise the risk of contamination. Local laboratory
policies should be followed for waste disposal. Centrifugation is performed at

room temperature, unless otherwise specified, and correctly balanced.

5.8.1 Cell culture

5.8.1.1 Thawing and culturing of cryopreserved cells

1. Pre-warm CCM to 37°C in a waterbath (approximately 20-30 minutes).

2. Ensure all required equipment are placed in the tissue culture hood, to
minimise delay in cell handling after thawing.

3. Remove the cryovial of cells from liquid nitrogen and thaw immediately
in a waterbath at 37°C.

4. Monitor the cryovial regularly and proceed to the next step immediately
once the vial contents are thawed (approximately 1-2 minutes).

5. Inside a tissue culture hood, transfer the cryovial contents into a sterile
15ml centrifuge tube using a 1000ul micropipette.

6. Into the same 15ml centrifuge tube, add 10ml of pre-warmed CCM. This
should be performed gradually to reduce osmotic shock and preserve
cell viability.

7. Gently mix the cell suspension and CCM by pipetting up and down
several times, taking care to avoid the introduction of air bubbles.

8. Centrifuge the tube at 300G for 3 minutes to achieve a cell pellet. See
table 4 for centrifugation requirements for HFF-1 and C20A4 cell lines.

9. Return the tube to the tissue culture hood, and pour away the
supernatant, which contains residual DMSO, leaving behind the cell
pellet.

10.The cell pellet is suspended in 1ml CCM, and 10ul placed in a 1.5ml

Eppendorf for cell counting.
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11.The remainder of the 1ml cell suspension is then diluted with 9ml of
CCM, and gently mixed.

12.Cell counting is performed using the erythrosin B exclusion assay to
determine the total and live cell concentration and cell viability (see
section 5.8.1.4).

13.The cell suspension is transferred to a T75 tissue culture flask for HFF-
1 and T175 flask for C20A4 cell lines.

14.The flask is incubated at 37°C and 5% CO:in a humidified environment.

15.Cells is inspected under light microscopy at 24 hours, alongside the
exchange of fresh CCM to remove non-viable cells.

16.Subsequent exchange of fresh CCM is performed every 2-3 days for
C20A4, and twice a week for HFF-1 or when pH decreases, whichever
is sooner.

17.Cell confluency is monitored regularly to avoid over-confluency. Cell
passage or cryopreservation are recommended when 90% confluency
is reached for C20A4 cell lines, and full confluency for HFF-1, as
specified from the cell line product sheets.

Notes:

= To maximise cell viability, ensure rapid and complete thawing of
cryopreserved cells.

= Ensure appropriate water levels in incubator to achieve a humidified
environment for optimal cell culture conditions.

=  Where available, record the passage number from the supplier.

=  With step 13, follow supplier’s guidance regarding the size of the tissue
culture flask size for the first thawing and culturing of commercially
purchased cell lines. For cell line maintenance and expansion
purposes, the culture flask size recommendation is based on the
anticipated cell number required for the in vitro model. As a greater
number of chondrocytes is required, the T175 culture flask is used.
CCM is added to culture flasks prior to the addition of cell suspension
(volumes are as recommended by the supplier, and is typically 5ml for
T25, 15ml for T75 and 25ml for T175). Inspection of the cells under light

microscopy is recommended prior to incubation.
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=  With step 16, low pH is indicated by the colour change from red towards
yellow with decreasing pH due to the presence of phenol red as a pH

indicator.

Table 4 Centrifugation parameters, seeding densities, confluency
threshold for sub-culturingm and sub-culturing ratios for HFF-1 and
C20A4 cell lines as recommended by cell line suppliers

HFF-1 C20A4
Centrifugation parameters 270G for 300G for
5 minutes 2 minutes
Seeding densities 0.8x10* cells/cm? | 1.3x10* cells/cm?
Confluency at which sub- ‘confluency’ 90%
culturing recommended
Sub-culturing split ratios 1:5-1:7 1:8-1:10

5.8.1.2 Sub-culturing cells

1. Refer to table 4 for recommended confluency levels at which sub-
culturing should be performed for each cell line.

Pre-warm trypsin-EDTA solution and CCM in a waterbath at 37°C.
Ensure all required equipment are placed in the tissue culture hood.
Discard the CCM.

Cells are washed with three cycles of PBS to remove residual serum

o & 0D

which can inhibit the action of trypsin-EDTA.

6. Trypsin-EDTA is added to the flask and allowed to incubate at 37°C for
3-5 minutes. A volume of 3-5ml of trypsin-EDTA for T75 and 5-8ml for
T175 tissue culture flasks are recommended.

7. The flask is inspected under light microscopy for cell detachment.

8. When cells are fully detached from the flask, add double the volume of
CCM to the trypsin-EDTA. For example, if 5ml of trypsin-EDTA was
used, 10ml of CCM is added at this step. The serum in CCM acts to
neutralise the action of trypsin-EDTA.

9. Gently rotate the flask to mix the cell suspension with the added CCM.
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10.Transfer flask contents into a conical centrifuge tube by pouring or
pipetting (15ml tube for T75; 50ml for T175).

11. Centrifuge the tube as specified in table 4 to achieve a cell pellet.

12.Gently pour away and discard the supernatant.

13.Resuspend the cell pellet in CCM (1ml for cells grown in T75; 3ml for
cells in T175). Pipette up and down until the cells are fully re-suspended
with no visible cell pellet or agglomerates.

14.Cell counting is performed using the erythrosin B exclusion assay and
haemocytometer (see section 5.8.1.4).

15.Cells are plated at the recommended split ratio (see table 4), or desired
seeding density.

16.Return the flask to the incubator (37°C, 5% CO2, humidified).

17.Exchange of fresh pre-warmed CCM should be undertaken every 2-3
days for C20A4 and twice a week or when pH decreases with HFF-1
cell lines. Regular inspections of cells to monitor for confluence, cell
morphology and CCM condition are performed.

Notes:

=  With step 1, sub-culturing is undertaken approximately every 3-5 days,
with slower growth and longer periods between sub-culturing for cells
recovering from cell cryopreservation, or with lower seeding densities.

=  With step 4, CCM can be discarded by pouring directly into a waste
container, taking care to avoid splashbacks from the waste fluid.
Alternatively, it can be removed by pipetting. The adherent cell layer
should not be disturbed by the pipette tip.

=  With step 5, for each rinse cycle, add PBS to the flask (same volume as
CCM for each flask size) with a pipette, and discard in the same manner
as described in step 4.

=  With step 7, the flask can be tapped gently on the side (with the palm of
your hand) to encourage cell detachment. Cell detachment is confirmed
macroscopically, and also microscopically where cell will be rounded
and floating.

=  With step 8, prolonged exposure to trypsin-EDTA will adversely impact
cell surface proteins and the ability of cells to adhere.

379



Swansea University Version: V1 23.02.2025
In Vitro Toxicology Group Page 20 of 41

5.8.1.3 Cryopreserving cells

1.

2.

3.

Notes:

Cell detachment and cell counting follows the same steps as described
in section 5.8.1.2 from step 1 to step 14 (inclusive).

Add to the cell suspension the desired amount of freezing media and
transfer into a cryovial.

Store the cryovial overnight in a Mr frosty™ freezing container at -80°C,
before transfer into liquid nitrogen for long term storage the following
day.

Cryopreservation should be performed at earlier passages where able,
and passage number should always be recorded.

With step 2, cells are cryopreserved at approximately double the
minimum cell seeding density or as desired (see table 4).

Due to the high cell number required for C20A4 for future in vitro model
work, cell numbers cryopreserved should be recorded with reference to
tissue culture flask size intended upon thawing (eg. T75 or T175).
Where able, storage of cells in separate liquid nitrogen dewars will act
as a fail-safe should one storage vessel fails.

5.8.1.4 Cell counting and cell viability assessment (with

erythrosin B exclusion assay and haemocytometer)

1.

Cell counting utilises the re-suspended cell pellet following
centrifugation (see section 5.8.1.2 step 13).

From the cell suspension described in step 1, transfer 10ul into an
Eppendorf.

Clean the haemocytometer and the glass cover slip with 70% ethanol,
and dry thoroughly.

Place the cover slip onto the haemocytometer, moistened with exhaled
breath. Apply light pressure whilst sliding the cover slip back and forth
a few millimeters until adherent.

Set up the light microscope.
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6. Prepare the sample by adding 10ul of erythrosin B stain and mixing the
sample by pipetting up and down several times (i.e. 1:1 ratio of sample
and erythrosin B stain).

7. Load 10ul of the mixed stain and cell sample onto the haemocytometer,
ensuring full dispersion across the 9 large squares.

8. Count the number of live and dead cells in the 4 large squares using a
cell counter and light microscope (see figure 1). Cells situated at the
borders of the large square are counted as shown in figure 1. Live cells
are unstained and dead cells are stained pink.

9. Cell concentration in cells/ml is calculated using equation 1. The
number of cells counted referred to the total number of cells counted
across the four large squares. The dilution factor refers to the dilution of
the cell sample with the erythrosin B stain (in this case, the dilution
factor is 2, based on a 1:1 ratio as described in step 6). The number of
squares counted is 4. Live and dead cells concentrations are calculated
using the number of live or dead cells counted. The total cell
concentration is calculated using the sum of the live and dead cells

counted.

— count
=== don’t count

Figure 1: Haemocytometer and cell counting'. The large squares are
labelled 1-4, situated at the outer corners of the figure. Cells that fall within the
4 large squares are counted. For cells that sits on the borders of the large
square, only cells that sits along two edges are counted. It is customary to
keep this consistent amongst the four large squares. This is illustrated in the
figure, with bold lines across the top and left-sided borders where cells are
counted.
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Dilution factor

Equation 1 Cell concentration (cells/ml) = No. of cells counted x x 10*
No. of squares counted

10.For calculations of cell sample dilutions for cell seeding, the following
equation can be applied following cell counting. By setting the desired
cell concentration (C2) and volume (V2), the volume required to dilute
the sample (V1) is determined via equation 2:

Equation 2 CiVi =GV,

C+1 = Concentration of the cell sample (cells/ml)
V1 = Volume of the cell sample (ml)

C2 = Concentration desired (cells/ml)

V2 = Volume desired (ml)

5.8.2 Preparation of bio-inks

CCM is prepared as described in section 5.7.1. With both bio-inks, the alginate
+/- HA stock solution is prepared first, followed by the addition of nanocellulose
(ETC). The measurement of alginate and N-HA powders is performed on a
scale within a bench top laminar flow hood to maintain sterility.

Both ETC and N-HA are supplied sterile, and are used or reconstituted as
supplied. Culture grade alginate powder is sterilised with UV-C application as
described by Al-Sabah et al'®.

Table 5 lists the concentrations of each material as supplied and within the bio-
ink, based upon previous research by Jessop et al on nanocellulose-based
bio-inks combined with alginate?, and by Jovic et al when combined with HA
(unpublished data). The bio-ink material concentrations take into account the
cell suspension required to create the final in vitro model. Therefore, it is
important to define the volume for cell suspension to ensure the correct
material concentration is reached. For example, 3.75ml bio-ink contains 3ml of
ETC, leaving 750ul volume for the stock solution of alginate +/- N-HA, and the

cell suspension. This is typically split with 500l for the stock solution of

382



Swansea University SOP version: V1 23.02.2025
In Vitro Toxicology Group Page 23 of 41

alginate +/- HA, and 250ul for the cell suspension. Material and cell
suspension handling is performed with care and patience due to high material
viscosity and high cell density.

The principles of the bio-ink preparatory steps are similar with both bio-inks.
However, the addition of N-HA markedly increases material viscosity for the
alginate and N-HA stock solution. As such, the preparation of both bio-inks is
described separately, with additional techniques and tips included for the triple

component bio-ink.

Table 5 Summary of bio-ink material concentrations as supplied and
within the bio-ink.

Material Supply concentration Bio-ink concentration
ETC 25 mg/ml 20 mg/ml
Alginate Powder 5 mg/ml
N-HA powder 6 mg/ml

5.8.2.1 ETC:Alginate in media

1. Add the required amount of alginate powder into a 50ml skirted
centrifuge tube.

2. Apply UV-C (germicidal light at 254nm) to the alginate powder with the
lid removed in a tissue culture hood for 1 hour for sterilisation.

3. Reconstitute the alginate powder in the required amount of CCM.
Mixing is performed with a spatula, and warmed in a waterbath at 37°C
for 20 minutes to aid dissolution (20 minutes). This is repeated as
needed.

4. When there are no visible residual powder or heterogeneity of the
alginate solution, store at 4°C overnight and re-mixed with a spatula the
following day before use.

5. Transfer the required amount of alginate stock to a smaller vessel for
the bio-ink (e.g. a 7ml sterile bijou container), using a 1ml or 5ml
syringe.

6. Add ETC directly to the bijou, and mix with an electric mixer.
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7. Remove air bubbles by centrifugation at 1000G in 5 minutes cycles,

followed by gentle mixing with a spatula. This is repeated until there are
no visible air bubbles.

8. Seal the container with parafilm, and store at 4°C.

Notes:

Sterile ETC is supplied in gel format at 2.5%-3.5%, in cell grade,
pyrogen free water, in 3ml syringes. It is used as supplied.

With step 5, for ease of material handling, it is recommended that no
more than 4ml of bio-ink is created using a 7ml bijou. The material
mixing process can cause overspill should the volume be too great.
With step 6, the addition of ETC in smaller aliquot is recommended, e.g.
1ml at a time. Care is taken to minimise the introduction of air bubbles,

as well as to avoid material loss when using the electric mixer.

5.8.2.2 ETC:Alginate:N-HA (low) in media

1.

Add 1.5x the required amount of alginate powder into a 50ml skirted
centrifuge tube.

Apply UV-C (germicidal light at 254nm) to the alginate powder with the
lid removed in a tissue culture hood for 1 hour for sterilisation.

Apply the static eliminator to the N-HA powder to reduce static
(approximately 30 seconds).

Add the required amount of N-HA powder into a sterile 7ml bijou
container.

Add the required amount of UV-treated alginate powder to the same
bijou container.

Reconstitute the alginate / N-HA powders with the required amount of
CCM.

Seal the alginate / N-HA stock solution with parafilm and store at 4°C
overnight.

On the following day, add the required volume of ETC directly to the
alginate / N-HA stock solution.

Mixing of the ETC and the alginate / N-HA stock solution is performed

with an electric mixer.
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10.

11.

Notes:

Remove air bubbles by centrifugation at 1000G in 5 minutes cycles,
followed by gentle mixing with spatula. This is repeated until there are
no visible air bubbles.

Seal the bio-ink container with parafilm, and store at 4°C.

Due to the high cost associated with N-HA, the correct amount of
alginate / N-HA stock solution is made in the 7ml bijou for the intended
bio-ink volume. l.e. a larger quantity of alginate / N-HA stock solution is
not made.

Step 3 is performed to limit the loss of N-HA powder due to static. The
application of the static eliminator improves but not fully remove this
issue. As such, alginate is added to N-HA in this sequence to minimise
the need to transfer the N-HA powder between containers.

With step 6, it is important to do this in a gradual manner (e.g. adding
100ul at a time). Mixing with a spatula will initially create a paste. As
more solvent is added, a viscous solution is achieved. Once this is the
case, the solution is warmed in a waterbath at 37°C in 20 minutes
interval in between mixing. This is continued until all visible powders are
dissolved and there is homogeneity of the viscous solution.

With steps 8 + 9, the addition of ETC in small aliquots is recommended
(e.g. 1ml at a time). Care is taken to minimise the introduction of air

bubbles, as well as to avoid material loss when using the electric mixer.
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5.8.3 Creation of an advanced 3D in vitro model

Each model uses 100ul of bio-ink. As the two monoculture models uses
different cell seeding methodologies (surface-seeding with HFF-1, and cell
encapsulation with C20A4), the procedures are described separately. Creation
of the silicon molds is a common procedure, and is therefore described first.
Preparation of the cross-linker (0.1M CacCl.) is detailed in section 5.7.3. All
sections apart from 5.8.3.1 is performed under sterile conditions in the tissue
culture hood. All hydrogel discs and models should be handled gently by lifting
or pushing with a spatula and forceps. The models should not be picked up
directly with forceps as it will deform or disintegrate.

5.8.3.1 Creation of silicon molds

1. Use a 5ml syringe to add the required amount of Elastosil® RT 601 part
A to a large weighing dish placed directly on a scale.

2. Add to part A, the Elastosil® RT 601 part B using a pipette dropper.

3. Mix part A + B mixture vigorously manually using a 1000ul pipette tip
(approximately 30 seconds).

4. Add the mixture to a 24 well plate (1 ml per well), using a 5ml syringe.

5. Allow to set overnight in room temperature (see figure 2A).

6. On the following day, lift out the silicon disc using metal forceps and a
small metal spatula (see figure 2B).

7. Cut out the centre of the silicon mold using an 8mm skin biopsy punch
tool (see figure 2C/D), to create a donut-shaped mold. Discard the
centre circular piece.

8. Sterilise the silicon molds with a single cycle of autoclaving.

Notes:

=  With step 1, note that Elastosil® RT 601 part A is very viscous.

= With step 2, the addition of Elastosil® RT 601 part B should proceed
drop by drop to reach a part A:part B ratio of 15:1.

= With step 5, the air bubbles within the silicon mixture will dissipate
overnight during the setting process.

= With step 6, the elasticity of the silicon allows the mold to be eased
away from the walls of the well plate slightly. Remove the molds from
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the well plate by easing the mold away from the wall of the well with
metal forceps. Then slide a small metal spatula in this gap. Continue
until the spatula reaches the base of the well, after which the mold
should come out easily. Take care to avoid damage to the mold,
especially in the center.

Figure 2 Creation of silicon molds. Elastosil® RT 601 A+B was mixed in
15:1 ratio (A:B), and added to a 24 well plate (1ml per well). This is allowed to
set overnight at room temperature (A). The silicon discs were lifted off the well
plate the following day (B). The mold was created by applying an 8mm skin
punch biopsy tool centrally (C), thereby creating a donut-shaped mold (D).

5.8.3.2 Creation of the HFF-1 monoculture model

1. Place the silicon mold into the centre of each well in a 12 well plate (one
mold per model), and press down firmly. Check for adherence of the
mold.

2. Add 100yl bio-ink (as prepared in section 5.8.2) into the centre of the

mold using a 1ml syringe.
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3. Smooth the surface of the bio-ink within the mold using a 200ul pipette
tip.

4. Add 600ul of cross-linker (as prepared in section 5.7.3) onto the bio-ink,
ensuring the droplet remain on the silicon mold (see figure 3A).

5. Remove the cross-linker with a pipette after the defined cross-linkage
time. This is performed at 15 minutes for bio-ink ETC:Alginate in media,
and at 25 minutes for bioink ETC:Alginate:N-HA (low) in media.

6. During the cross-linkage time (step 5), prepare a 24 well plate by adding
1ml PBS per well per model.

7. Immediately following the removal of the cross-linker (step 5), ease the
silicon mold off the well plate.

8. Transfer the hydrogel disc to the 24 well plate using a spatula and
submerge in PBS (as prepared in step 6).

9. Atotal of 3 washes with 1ml PBS is performed with the hydrogel discs
using a pipette dropper, to remove residual crosslinker.

10.Hydrogel discs are kept submerged in PBS whilst the HFF-1 cell
suspension is prepared.

11.Prepare the HFF-1 cell suspension at 1x10° cells/ml by following
sections 5.8.1.2 step 1-14 for cell detachment, and section 5.8.1.4 for
cell counting. The volume of cell suspension is calculated at 100ul per
model.

12.Place fresh molds onto a fresh 12 well plate, as described in step 1.

13. Carefully transfer the hydrogel disc in PBS from step 10 into the inside
of the fresh molds (one hydrogel disc per mold). The flat basal surface
of the hydrogel disc should now be the apical surface. (see figure 3B).

14.Add 100ul of the HFF-1 cell suspension (as prepared in step 11) on top
of each hydrogel disc.

15. Incubate the models at 37°C for 2 hours.

16.Remove the cell suspension by pipetting. Take care to avoid disturbing
the seeded model cell surface.

17.Carefully lift the silicon mold off the well plate to retrieve the seeded
model.

18. Transfer the model to a new 24 well plate, submerged in 1ml of CCM.
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19.
20.
Notes:

The model is ready for use, and is incubated at 37°C.

Exchange of CCM is performed every 2-3 days.

With step 1, note that the mold has a flat surface (basal surface) and a
slightly concave surface (apical). Ensure that the molds are placed with
the flat (basal) surface against the base of the well plate, as otherwise
it will not adhere correctly. Adherence is confirmed by turning the well
plate upside down. The mold will remain in place and not fall off.

With step 4, due to the slight concavity of the apical surface of the silicon
mold, a larger volume of cross-linker could be applied and retained
above the bio-ink and within the silicon mold.

Depending on the number of models required, it is recommended that
all cell-free hydrogel discs are created first, which will allow cell seeding
for all models to be performed in one sitting.

With step 11, the seeding density of HFF-1 is 20,000 cells/cm? (based
on histological studies of dermal fibroblast from human skin biopsies'®
and cell line characterisation (unpublished data)). The surface area of
an 8mm diameter hydrogel disc is calculated using the geometric
equation: area = nr?, where r is the radius (0.4cm). The area of each
model is therefore 0.503cm?. The number of cells per model is 10,053
(i.e. 20,000 x 0.503). As the cell suspension is delivered at 100ul per
model, the cell concentration required is 10,053 cells per 100ul, i.e.
1x10° cells/ml.

With steps 12-16, the mold is used to control the area in which cell
seeding occurs. New molds and well plates are used in step 13 to
minimise contamination with cross-linkers, and to ensure a dry well
plate surface for mold adherence. Therefore, 2 silicon molds are
required per model.

With step 13, take note that the hydrogel disc is placed ‘upside down’.
The hydrogel disc was flipped such that the flat and smooth basal
surface achieved during cross-linkage can be used for cell seeding, and

therefore will become the apical surface.
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=  With step 14, the cell suspension volume is chosen to ensure the full
cell suspension remained within the central well of the donut-shaped
silicon mold and not overspill onto the outer surface of the silicon mold.
such as in the case with cross-linker application. This is to ensure

targeted cell seeding onto the hydrogel discs.
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Figure 3 Creation of cell-free hydrogel discs. Bio-ink (100ul) is added to the
centre of silicon molds placed in a 12 well plate. The cross-linker (600ul) is
added on top of the bio-ink (A) and removed following the desired cross-
linkage duration. The silicon mold is lifted from the plate and the hydrogel discs
eased off the molds. Figure B illustrates the smooth basal surface of the
hydrogel disc, and figure C the relatively irregular apical surface.

5.8.3.3 Creation of the C20A4 monoculture model

1. Remove the bio-ink (as prepared in section 5.8.2) from 4°C storage,
and allow to come to room temperature during step 2.

2. Prepare the C20A4 cell suspension via trypsinisation and cell counting
as described in sections 5.8.1.2 steps 1-14 and section 5.8.1.4. See
notes for the required cell concentration.

3. Transfer the required amount of bio-ink into a 5ml luerlock syringe.
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4. Add the cell suspension to the 5ml syringe with a 200ul micropipette.

5. Mix the bio-ink and cell suspension by passaging the bio-ink between
two 5ml syringes with a luer-lock connector. Take care to minimise the
introduction of air bubbles (expelling them as needed). Passage slowly
and gently with a minimum of 20 passages to homogenise the bio-ink
and cell suspension.

6. Place molds into a 12 well plate and ensure adherence (see section
5.8.3.2 step 1).

7. Transfer the C20A4-seeded bio-ink (prepared in step 5) into a 1 ml
syringe, using a luer-syringe connector.

8. Add 100ul of the C20A4-seeded bio-ink into the centre of each mold
(with a 1ml syringe).

9. Smooth the bio-ink surface using a 200ul pipette tip.

10.Add 600ul of cross-linker to the bio-ink, and allow to cross-link for 15
minutes for bio-ink ETC:Alginate in media, and for 25 minutes for bioink
ETC:Alginate:N-HA (low) in media.

11.During cross-linkage time (step 10), prepare a fresh 24 well plate by
adding 1ml PBS per well per model.

12.Remove the cross-linker when the cross-linkage time is complete, using
a pipette.

13. Carefully lift the silicon mold off the well plate and retrieve the seeded
model.

14.Transfer and submerge the model in PBS in the 24 well plate prepared
in step 11.

15.Complete a total of 3 PBS washes of the models by removing the PBS
and adding 1ml of fresh PBS for each cycle.

16. Transfer the model to a new tissue culture plate and submerge in 1ml
media.

17.The model is ready for use, and is incubated at 37°C.

18.Exchange of CCM is performed every 2-3 days.

Notes:
= With step 2, please note that the cell concentration of the cell

suspension to be mixed with the bio-ink takes into account the material
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volume in the bio-ink. The target cell seeding density is 3x10° cells/mlI'S,
For 3.75ml of bio-ink, the cell suspension volume is 250ul (3ml ETC,
500yl alginate +/- N-HA). Therefore, the total number of cells in 3.75ml
of bio-ink is 1.125x107 (i.e. 3x10° x 3.75). The cell suspension would
contain 1.125x107 cells in 250y, i.e. 4.5x107 cells/ml.

=  With step 3, take up the bio-ink from the 7ml bijou container with a
nonuer-lock 1 ml syringe. The bio-ink is then transferred to a 5ml syringe
via a luer-lock connector. Take care to avoid the introduction of air
bubbles. When taking up bio-ink from the bijou containter directly, avoid
using a luer-lock syringe, which leads to the trapping and loss of bio-ink
within the luer-lock mechanism. To minimise the introduction of air
bubbles, first take up a small amount of bio-ink (0.1ml) into the syringe.
Pull back the plunger and re-advance this slowly to fill the tip and/or
body of the syringe with the bio-ink. This is performed repeatedly and
regularly to minimise the amount of air bubbles introduced into the
system.

=  With step 4, the cell suspension is added directly to the tip of the 5ml
syringe of bio-ink. This is performed slowly and carefully. Concomitant
gradual withdrawal of the 5ml syringe plunger as the cell suspension is
being added ensures that the cell suspension does not overspill and is
taken up fully into the syringe.

=  With step 18, due to the high initial seeding density of C20A4, the pH of
CCM reduces more rapidly at latter timepoints. This is reflected by the
alteration of CCM colour from red to yellow, due to the pH indicator in
CCM (phenol red). As such, the exchange of CCM is performed typically
every 3 days between day 1 — 10, and every 2 days beyond. This details
the maintenance of the model in culture conditions. Please note that the
exchange of CCM in experimental conditions will be specified should it
differs from the SOP.

5.8.3.4 Creation of the Co-culture model

1. A C20A4 seeded model is first created following all steps described in
section 5.8.3.3.
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2. The HFF-1 cell suspension and seeding procedure is as described in
section 5.8.3.2 steps 11-18.
3. The model is ready for use and is incubated at 37°C.
4. Exchange of CCM is performed every 2-3 days.
Notes:

= See notes in section 5.8.3.3 relating to the frequency of exchange of
CCM and high C20A4 cell seeding density.

5.8.4 Implementation

5.8.4.1 Alamar blue assay

The model was successfully applied with the alamar blue assay for the
assessment of metabolic activity of live cells as an indicator of cell proliferation
and cytotoxicity. Although the manufacturer’s guidance of the alamar blue
assay implied that the assay is non-destructive and can be used repeatedly
with the same model over time, there remains uncertainty regarding how this
translates to a 3D model where residual alamar blue reagent may be retained
within the hydrogel disc. As such, each timepoint was assigned one model (i.e.
7 models for 7 timepoints).

5.8.4.2 ELISA / LDH assay

For assays which require supernatants, including the ELISA and LDH assay,
the supernatant is centrifuged to pellet and remove residual cellular or
biomaterial debris. This is performed prior to the assays, and coordinated to
reduce the number of freeze-thaw cycles of the supernatants. Centrifugation
is performed at 100G for 1 minutes, and the supernatant is transferred to a
fresh 1.5ml Eppendorf.

5.8.4.3 RNA extraction

Bench work for RNA extraction requires thorough decontamination of all work
area and equipment by wiping down with RNAse ZAP before starting. This
includes micropipettes and tip boxes. All centrifugation in this section is
performed at 4°C.
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Sample preparation prior to RNA extraction:

1.
2.

Add PBS to a 24 well plate (1ml per well per sample).
Transfer and submerge samples in PBS in the 24 well plate (one sample
per well).

3. Exchange PBS with 1ml of pre-warmed TrypLE.

4. Incubate the sample in TrypLE at 37°C for 5 minutes.

5. Mechanically disrupt the sample by pipetting the sample in TrypLE up

and down 20x using 1000ul micropipette. Take care to avoid the
introduction of air bubbles. The sample should visibly disintegrate (see
figure 4).

6. Return the sample for incubation for a further 5 minutes at 37°C.

7. Triturate the sample again by pipetting up and down 10x.

8. Add 1ml CCM to each sample to neutralise the action of TrypLE, and

9.

10.

11.

12.

13.
14.

15.

Notes:

mix by pipetting up and down 5x.

Transfer the well contents to a fresh 15ml centrifuge tube.

Rinse the well with 1ml CCM, and add this to the same centrifuge tube
as step 9.

Filter the sample serially first with a 250um strainer, placed over a 15ml
centrifuge tube.

Filter the sample again with a 70um strainer, placed over a 50ml
centrifuge tube.

Transfer the sample to a 15ml centrifuge tube.

Centrifuge the sample at 300G for 5 minutes to achieve phase
separation.

Aspirate and discard the supernatant using a 1000ul micropipette,
taking care to leave behind the denser material / cell suspension at the
bottom of the centrifuge tube.

With steps 11 + 12, a small amount of sample will be retained by the
strainers.

Step 13 is performed to permit ease of control and sample visualisation
in step 15.
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= With step 14, please note that there is no cell pellet. The cells are
contained within the dense material seen achieved with phase
separation.

= Sample preparation is performed immediately prior to RNA extraction.
Please ensure all reagents and equipment required for RNA extraction
is ready prior to performing sample preparation.

= Step 1-10 is performed within a tissue culture hood. Step 11-15 can be
performed on a standard laboratory bench.

= An optional step could be performed at the end of sample preparation
to visualise cells under light microscope with 10ul of sample and a

haemocytometer.

Figure 4 Appearance of the sample pre- (left) and post- (right)

mechanical disruption by trituration following incubation in TrypLE.

RNA extraction:

1. Prepare the lysis buffer by adding 10ul B-mercaptoethanol per 1ml RLT
lysis buffer (i.e. for 10ml of RLT lysis buffer, add 100ul B-
mercaptoethanol). This is performed in a fume hood. Vortex to mix.

2. Add 600ul RLT lysis buffer (with B-mercaptoethanol) to prepared
sample, and pipette up and down to mix.

3. Homogenise the sample by passing contents through a 21G needle
(green) at least 5x. Take care to limit the introduction of air bubbles.

4. Transfer the homogenised sample to an AllPrep DNA spin column
placed in a 2ml collection tube. Close the lid and centrifuge at 8000G

for 30 seconds. The sample volume will exceed that of the DNA spin
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column, therefore fill the first DNA spin column to around 4mm from the
lid (approximately 700ul), and centrifuge. Transfer the residual sample
remaining in the first DNA spin column (not the collection tube) to a new
DNA spin column (see figure 5). Add to this the remaining sample not
yet subjected to centrifugation.

Collate all flow-through from step 4 into one 2ml collection tube.
Discard the two used DNA spin columns.

Estimate the total volume of flow-through from step 5 with a pipette.

©® N o o

Add 1:1 volume of 70% ethanol to the flow-through collated in step 5

and mix well by pipetting.

9. Transfer 700ul of the sample from step 8 to a RNeasy spin column
placed in a new 2ml collection tube, and centrifuge at 10,000G for 15
seconds.

10.Discard the flow-through, and gently tap the collection tube on tissue
paper to dry.

11.Continue step 9 and 10 using the same RNeasy spin column until all
samples from step 8 is processed.

12.Add 700ul RW1 buffer to the RNeasy spin column, and centrifuge at
8000G for 15 seconds to wash the spin column. Discard flow-through.

13.Add 500ul RPE buffer to the RNeasy spin column, and centrifuge at
8000G for 15 seconds to wash the spin column. Discard flow-through.

14.Add 500ul RPE buffer to the RNeasy spin column, and centrifuge at
8000G for 2 minutes. Discard flow-through.

15. Transfer the RNeasy spin column to a new 2ml collection tube, and
centrifuge at 10,000G for 1 minute.

16. Transfer the RNeasy spin column to a new 1.5ml collection tube.

17.Add 40ul DEPC-treated RNAse-free water to the RNeasy spin column
(in the new 1.5ml collection tube). Close the lid and centrifuge at 8000G
for 1 minute to elute the RNA.

18. Transfer the the flow-through from step 17 back into the same RNeasy

spin column (in the same 1.5ml collection tube) and repeat

centrifugation at 8000G for 1 minute to maximise RNA yield.
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19. Quantification of RNA concentration using the Qubit™ RNA HS Assay

Notes:

Kit is recommended for an initial estimation of RNA quantity.

With step 3, a 1ml syringe is sufficiently narrow to fit within a 15ml
centrifuge tube. Ideally, a luer-lock syringe would avoid the risk of
needle dislodgment during passages, but this is not essential.

With step 4, due to the lack of a cell pellet and additional volume from
the bio-ink material following sample preparation, one sample will
typically require two DNA spin columns.

Trials to extract DNA through the kit’s instruction with samples prepared
as described in the SOP were unsuccessful. As such, the DNA spin
columns are discarded in step 6. However, the processing of samples
through the DNA spin column was a necessary step, as direct RNA
extraction using the RNA spin column was also unsuccessful.

Step 11 is an additional step compared to manufacturer’s instruction to
account for increased sample volume. By using the same RNeasy spin
column, RNA from one sample is captured in a single spin column
membrane.

Follow manufacturer’s kit instruction from step 12 onwards, using the
AllPrep DNA/RNA Mini Kit (Qiagen).

Step 15 is an optional step in the manufacturer’s instruction to dry the
membrane. Manufacturer’s instruction stated to centrifuge at full speed.
This is standardised to 10,000G in this SOP.

Step 18 is an optional step in the manufacturer’s instruction, and is
incorporated as standard in the SOP to maximise RNA yield.

With step 19, the quantification of RNA content in the sample is
recommended which aids the estimation of reconstitution volume
following ethanol precipitation. Due to the relatively low yield, the
Qubit™ RNA HS Assay is recommended over nanodrop due to
improved accuracy with the Qubit’'s assay’s higher sensitivity range.

Both methods require 1ul of sample.
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Figure 5 Photo demonstrating residual sample in the DNA spin column

following centrifugation, with flow-through containing RNA in the

collection tube.

Ethanol precipitation:

= © ©® N o o

. Ensure RNA samples are kept on ice when not processing.

Estimate the volume of RNA sample using a micropipette, taking care
to avoid the introduction of air bubbles.

Add 1/10" volume of sodium acetate to the RNA sample (e.g. for 40ul
of sample, add 4ul of sodium acetate).

Add 2.5x volume of 100% ethanol to the sample (inclusive of the
addition of sodium acetate; i.e. for 40ul sample and 4ul sodium acetate,
the volume of ethanol is 2.5 x (40+4) = 2.5 x 44 = 110ul).

Mix the sample by pipetting.

Store the sample at -20°C overnight for RNA precipitation.

Ensure a supply of 70% ethanol at -20°C for use the following day.

On the following day, centrifuge the sample at 12,000G for 20 minutes.
Pour away and discard the supernatant.

0.Add 500ul ice cold 70% ethanol to the sample. Vortex briefly to mix and

centrifuge at 12,000G for 10 minutes.

11.Repeat step 9 and 10.
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12.

13.

Notes:

Pour away and discard the supernatant, and allow the RNA pellet to air
dry.

When the pellet and collection tube is dry, dissolve the RNA pellet in the
desired amount of RNAse-free water (e.g. 20ul). Ensure all RNA is
captured by repeatedly coating the sides of the collection tube with the
RNAse-free water, especially where the pellet was sited. Continue for a
brief period beyond the point when the RNA pellet is no longer visible.

Extracted RNA is immediately subjected to ethanol precipitation to
minimise the number of freeze-thaw cycles.

With step 6, whilst RNA precipitation can be performed within the range
of 1 hour to overnight, the latter was chosen as standard due to the
anticipated low yield in terms of quantity.

Note that 70% and 100% ethanol remain in liquid phase at -20°C (step
6+7).

With step 12, any liquid droplet within the collection tube separate to the
RNA pellet is removed by dragging the droplet to the rim using a 200yl
pipette tip. The droplet is absorbed by gentle tapping onto a tissue. To
reduce contamination, the collection tube is placed on its side on top of
and covered lightly by tissue. The air-dry process requires several
hours, and is checked half hourly after 2 hours to avoid delay to step
13.

The volume in which the RNA pellet is dissolved in (step 13) will depend
on the end-application and the desired RNA concentration. For
example, 4ul could be reserved for quality control purposes (1ul each
for nanodrop (A260:A280 for DNA/protein contamination, and
A260:A230 organics contaminations), Qubit™ RNA HS Assay (quantity)
and BioAnalyzer (RIN), and an additional 1ul as buffer). The residual
RNA is aliquoted as needed for analysis. The purpose of aliquoting is to
reduce the number of freeze-thaw cycles to preserve the quality of RNA.
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5.9 Quality control and acceptance criteria

Not applicable.

6 Data analysis and reporting of data

Not applicable.

7 Publications

Not applicable.
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