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Abstract

Articular cartilage is a specialised connective tissue of joints, which lacks blood
vessels, lymphatics and nerves. The limited capability of articular cartilage to
self-repair renders its regeneration a formidable challenge. Collagen-based
biomaterials are frequently used in cartilage engineering, however, most of them
are focused on collagen type | scaffolds. In the quest of the ideal material for
scaffold fabrication for cartilage engineering, the use of collagen type Il has been
advocated, as it is the major constituent of cartilage tissue. However, its optimal
source still remains elusive.

In the first phase of this thesis, we ventured to assess the influence of biological
sex (male, female) and tissue (articular, tracheal, auricular) on the biophysical,
biochemical and biological properties of pepsin extracted porcine collagen type
Il sponges. Articular cartilage resulted in pure collagen type Il preparations,
whilst tracheal and auricular cartilage preparations were contaminated with
collagen type 1. Pore size, porosity and denaturation temperature were not
affected (p > 0.05) as a function of tissue and biological sex. Articular cartilage
derived sponges exhibited significantly (p < 0.05) higher resistance to enzymatic
degradation and biomechanical properties in comparison to tracheal and auricular
cartilage sponges. Biological analysis using human adipose derived stem cells
revealed no significant (p > 0.05) differences between the groups in cell viability,
DNA concentration, metabolic activity and Alcian blue staining. The articular
cartilage groups induced the highest (p < 0.05) sulphated glycosaminoglycans
synthesis, and aggrecan and collagen type Il mRNA expression (fold change >
2.0). Our data indicate a tissue memory of collagen type Il and indicate that for
cartilage engineering, articular cartilage derived collagen type 1l scaffolds may

be more suitable for effective chondrogenesis.

In the second phase of this thesis, the extensive use of antibiotics, religious tenets
and the potential for interspecies disease transmission may restrict the use of
mammalian derived collagens. In this regard, marine species derived collagen
offers an opportunity as a safe, sustainable and environmentally friendly

alternative to mammalian species derived collagen. Thus, herein it is
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hypothesised that there is an optimal chondrichthyan (cartilaginous fish) species
[lesser spotted dogfish (Scyliorhinus canicula), thorn back ray (Raja clavata),
cuckoo ray (Leucoraja naevus) and blonde ray (Raja brachyuran)] for pure
collagen type Il extraction and maximum chondrogenic induction of human
adipose derived stem cells. Pure collagen type Il preparations were obtained from
all four Chondrichthyes, as revealed by gel electrophoresis. Pore size, porosity,
denaturation temperature, resistance to enzymatic degradation and mechanical
properties of the produced sponges were not significantly (p > 0.05) affected as
a function of species. Biological analysis using human adipose derived stem cells
revealed no significant (p > 0.05) differences between the groups in cell viability,
DNA concentration, metabolic activity, Alcian blue staining and sulphated
glycosaminoglycans synthesis. Human adipose derived stem cells seeded on fish-
derived scaffolds expressed lower mRNA levels of COL1A1 (fold change > 2.0)
and COL3AL (apart from lesser spotted dogfish; fold change < 2.0) and higher
mRNA levels of COL10A1 (fold change > 2.0), COMP (fold change > 2.0),
SOXO9 (fold change >2.0), and ACAN (apart from cuckoo ray; fold change <2.0)
than cells grown on tissue culture plastic (TCP). Our data suggest that
chondrichthyes derived collagen type Il has the potential to be used in cartilage

engineering.

In the third phase of this thesis, bloom index and residual endotoxins in gelatin
preparations were investigated, as they are crucial regulators of the product’s
physicochemical and biological properties. Herein, gelatin preparations with
variable bloom index and endotoxin level were used to fabricate crosslinked
gelatin scaffolds, the physicochemical and biological properties of which were
subsequently assessed. Gelatin preparations with low bloom index resulted in
hydrogels with significantly lower compression stress (p < 0.05), elastic modulus
(p < 0.05) and resistance to enzymatic degradation (p < 0.05) and higher free
amine content (p < 0.05) than gelatin preparations with high bloom index. Gelatin
preparations with high endotoxin levels resulted in films that induced

significantly (p < 0.05) higher macrophage fusion than gelatin preparations with

XVIII



low endotoxin level. For various reasons, the chondrogenic potential of gelatin

preparations was not assessed.
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Chapter 1

1.1. Introduction

Articular cartilage is a specialised connective tissue of the joints (1, 2). Hyaline
cartilage provides a smooth and lubricated surface for articulation and facilitates
the transmission of loads with low frictional coefficient (3, 4). As articular
cartilage lacks blood vessels, lymphatics and nerves, it has limited capacity for
intrinsic healing and repair (5, 6). Articular cartilage injuries are frequently
caused by sports and recreational activities and, if left untreated, articular
cartilage lesions form fibrocartilage and lead to osteoarthritis (OA).

OA is a whole joint disease, involving structural alterations in the hyaline
articular cartilage, subchondral bone, ligaments, capsule synovium and
periarticular muscles (7). OA affects over 250 million people worldwide (8) and
financially drains healthcare systems. For example, medical costs account for 1.0 %
to 2.5 % of gross domestic product of high-income countries (9) and in USA
alone, the annual insurer spending for OA-related medical care is estimated to be
US$ 185.5 billion (10). OA, due to the imbalance between the repair and the
damage of joint cartilage, leads to structural destruction and failure of the
synovial joint (11). The pathogenesis of OA involves compositional changes and
structural / integrity losses of cartilage (12). Initially, disruption, caused by
physical forces, happens at the cartilage surface and is followed by the expansion
of the calcified zone into the radial zone. Then, the hypertrophic chondrocytes
synthesise  extracellular matrix (ECM) degradation products and
proinflammatory mediators. Subsequently, the bone turnover is increased in the
subchondral bone and vascular invasion takes place towards the cartilage region
(13). Clinically, the knee, hip, hand, spine and foot are the most common sites of
OA, followed by the wrists, shoulders and ankles (14). OA incidents gradually
increase over the years, due to the combined effects of ageing, obesity and heavy
work activities (15-17). In fact, by 2032, the proportion of the population
aged >45 with any doctor-diagnosed OA is estimated to increase from 26.6 % to
29.5 % (18). OA is more prevalent in women than in men, with female-to-male
ratio ranging from 1.5 t0 4.0 (19). Exercise, weight loss (in the case of overweight
patients) and walking aids are widely recommended to improve daily activities
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Chapter 1

of OA patients (20, 21). Pharmacological agents (22-29), surgical procedures
(30-33) and advanced therapy medicinal products (34-37) have shown variable
degree of efficiency and effectiveness, considering their complexity, cost of
goods and regulatory hurdles. To this end, biomaterial-based therapies are

continuously gaining pace, especially for large defects (38-41).

Herein, we provide a brief description of cartilage’s development, cellular and
extracellular composition and organisation and then focus on collagen type II
biosynthesis, extraction protocols, scaffold fabrication and in vitro, in vivo data,
in light of recent studies that demonstrate the inability of collagen type | scaffolds
to yield functional therapeutic outcomes (42, 43).

1.2. Cartilage development, cellular and extracellular composition and
organisation

Cartilage morphogenesis (44-48) is a complex and well-orchestrated sequence of
numerous intracellular and extracellular spatiotemporal events, responsible for
the tissue composition and structure (Figure 1.1). Articular cartilage and long
bones are formed by endochondral ossification that is initiated from the lateral
growth plate that contains mesenchymal stem cells that secrete hyaluronan and
collagen type I. As these stem cells move towards the centre of the limb, they
aggregate; stop proliferating and expressing collagen type I; and start expressing
N-cadherin, tenascin-C and cell adhesion molecules. Formation of tight
aggregates marks the start of the condensation processes that involves stem cell
aggregation and increased hyaluronidase activity that in turn decreases
hyaluronan and cell movement and increases cell-cell interactions. These
increased cell-cell interactions trigger signalling pathways responsible for the
initiation of chondrogenic differentiation. An array of small proteoglycans (PGs,
e.g. versican, perlecan), growth factors (e.g. fibroblast growth factors, FGF; bone
morphogenetic proteins, BMPs; transforming growth factor-p, TGF-p),
transcription factors (e.g. Sox5, Sox6, Sox9), signalling molecules (e.g. sonic
hedgehog, Indian hedgehog) and ECM molecules (e.g. matrilins, fibronectin)
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contribute in chondrogenic differentiation and cartilage formation. Subsequently,
the cells cease the expression of adhesion molecules, resume proliferation via
action of growth hormone, parathyroid hormone-related peptide and insulin-like
growth factor-1 (IGF-1), initiate ECM synthesis (e.g. collagen types II, IX, X and
XI; aggrecan; decorin; annexin I, V and VI; tenascins; thrombospondins;
cartilage oligomeric matrix protein) and decrease production of fibronectin. A
series of maturation steps then takes place for the differentiation of committed
chondrocytes to pre-hypertrophic, hypertrophic and matrix-mineralising
chondrocytes. Hypertrophic chondrocytes increase in size, start to synthesise
calcified matrix rich in collagen type X and alkaline phosphatase, synthesise an
array of terminal differentiation molecules (e.g. matrix metalloproteinase-13;
Runx2, Runx3, BMP-6, BMP-2, BMP-7, aggrecan, hyaluronan) and cease to
synthesise others (e.g. Sox9, collagen type II).
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Figure 1.1: Sequential stem cell differentiation to chondrocytes and associated
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Articular cartilage contains a highly specialised cell population, the chondrocytes,
which is responsible for the production, organisation and maintenance of the
cartilage ECM (49, 50). It also contains a small number of mesenchymal
progenitor cells, the number of which increases in osteoarthritic articular
cartilage (51, 52). A diverse range of collagen types are encountered in cartilage
with distinct functions (53-56). For example, collagen type Il is the predominant
component of the cartilage ECM, forms a fibrillar network primarily responsible
for the mechanical integrity of the tissue and plays a significant role in
chondrocyte differentiation and hypertrophy during normal cartilage
development and OA pathogenesis (57, 58). Loss of collagen type Il has been
shown to accelerate chondrocyte hypertrophy and OA progression, through the
BMP-SMADL1 pathway (59). Collagen type Il is extensively crosslinked to
collagen type Il and regulates collagen fibrillar structure and biomechanics in
cartilage tissue (60, 61). Collagen type VI is expressed in both healthy and OA
cartilage tissues, is the major component of the chondrocyte pericellular matrix
and enhances cartilage regeneration via stimulation of chondrocyte proliferation
(62, 63). Collagen type IX covalently crosslinks to collagen type Il with the
collagenous (called COL3) and the non-collagenous (called NC4) domains of the
molecules projecting at periodic distances away from the surface of the fibril.
These projections allow it to interact with numerous components of cartilage
tissue (e.g. cartilage oligomeric protein, heparin, fibromodulin), ultimately
stabilising and organising the fibrillar collagen network in cartilage (64-68).
Collagen type X is a short chain, non-fibril-forming collagen, primarily
synthesised by hypertrophic chondrocytes, that enables endochondral
ossification by regulating matrix mineralisation and is essential for mesenchymal
stem cell cartilage formation and endochondral ossification (69-73). Collagen
type Xl interacts with various cartilage components (e.g. collagen type II,
collagen type IX, perlecan, heparan sulphate) to form a meshwork that provides
cartilage matrix stabilisation, mechanical resilience and homeostasis. The ratio
of collagen type Xl to collagen type Il regulates fibre diameter, with thick fibres

having more collagen type Il (74-77).
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Collagen type II is a homotrimer, composed of al1(II) chains. The human collagen
type 11 gene is formed by 54 exons (78). The triple-helical domain consists of an
uninterrupted sequence of 1014 amino acids that are coded by 44 exons. The N-
propeptide domain of collagen type Il is composed of 8 exons, as opposed to the
6 exons of that of collagen type I [a1(I) and 02(I)] (79) and 5 exons for collagen
type III [al(IIT)] (Figure 1.2) (80). The first exon mostly codes for the signal
peptide and the second exon codes for a cysteine-rich globular domain. Exons 3-
7 code for the triple-helical domain which contains 24 Gly-X-Y repeats, and the
eighth exon codes for the N-telopeptide and part of the triple-helical domain (81,
82). The last four exons code for the C-propeptide domain, which facilitates the

assembly of the triple helical structure for the alignment of collagen molecules.
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Figure 1.2: Genomic structure and subdomain organisation of the exons coding
for the N-propeptide of the collagen type I, Il and Ill. Exons (shaded boxes) are

drawn approximately to scale, whereas the introns (lines) do not appear to scale.

Articular cartilage also contains a variety of PGs (e.g. aggrecan, decorin,

biglycan and fibromodulin) and glycosaminoglycans (GAGs, e.g. chondroitin
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sulphate, keratan sulphate and hyaluronan) that represent ~ 10 % of tissue dry
weight, subject to age and disease state. PGs and GAGs play significant role in
both normal tissue function and arthritis manifestation and progression (83-94).
Indeed, physiological PGs and GAGs synthesis and composition contribute
towards normal cartilage function and properties; control the release and protect
against proteolysis of bounded cytokines, chemokines and growth factors; and
modulate various signalling cascades that facilitate cell attachment and motility
and cell-cell and cell-ECM interactions. For example, under physiological
conditions, the major PG found in cartilage is aggrecan that interacts with
hyaluronan to occupy the interfibrillar space of the cartilage ECM and provide
cartilage with its osmotic properties to resist compressive loads (95). On the other
hand, in arthritis, PGs and GAGs are significantly degraded by matrix
metalloproteinases and their breakdown products are released into synovial fluid,
eliciting an inflammatory response (96-98). Overall, ECM synthesis and
degradation are regulated by the change of chondrocyte proliferation and
metabolism under normal and OA conditions (99-103); the effect of hormones
(104-106) and growth factors (107-109); aging (110-112); oxygen tension (113-
116); and mechanical loading (117-121).

In osteoarthritic cartilage, collagen type I is increasingly synthesised along with
the progression of the disease. Collagen type I and collagen type Il are both fibril-
forming collagens, most collagen type I is composed of a1(I)2 and a2(I) chains
and mainly found in skin, tendon, cornea, bone and osteoarthritic cartilage.
Collagen type II is composed of al(II)s and mainly found in healthy cartilage,
intervertebral disc and vitreous (122). They both present triple helices with
uninterrupted Gly-X-Y structures ~ 300 nm in length (123). In general, collagen
type | is associated with structural fibrils greater than 100 nm in diameter, apart
from thin collagen type | fibrils found in cornea, which are lower than 30 nm in
diameter; collagen type Il is associated with fibrils between 10 and 30 nm in
diameter and is oriented randomly in the proteoglycan matrix (124). Additionally,
it has been demonstrated that collagen type Il possessed lower intrinsic turbidity
values and fewer free carboxylic groups than collagen type | (125). Moreover,
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collagen type | has only one or two glycosylated hydroxylysine per o chain,
collagen type 11 has around 10 glycosylated hydroxylysine per a chain (126, 127).
Therefore, collagen type Il chains contain a higher content of hydroxylysine as
well as glucosyl and galactosyl residues which mediate the interaction with PGs
to form a network-like supramolecular arrangement in cartilage. The deficiency
of collagen type Il results in a series of disorders, including achondrogenesis type
I, hypochondrogenesis, spondyloepiphyseal dysplasia congenital, Stickler
Syndrome and osteoarthritis (128). A direct correlation between the ratio of
collagen type | to collagen type Il in cartilage and the clinical severity of the
disorder has been demonstrated, indicating that higher level of collagen type I is

present in disease with more severity.

Structurally speaking, articular cartilage is divided into the superficial,
transitional, radial and calcified zones from the joint surface to the subchondral
bone, with distinct composition and architectural features (129-132). The
superficial zone is the gliding surface of the joint; contains high concentration of
collagen and low concentration of PGs; and adjoins a layer of elongated
chondrocytes organised parallel to the articular surface. The transitional zone
contains collagen fibres larger than those in the superficial zone, which are
arranged randomly within this zone; is composed of spheroid-shaped
chondrocytes; and has higher concentration of PGs compared to the superficial
zone. The radial zone contains the largest collagen fibres, which are organised in
a columnar pattern, perpendicularly to the joint surface; has the lowest
concentration of chondrocytes; and has high PG content. Between the radial and
the calcified zone, there is a wavy and irregular line, termed tidemark, that
prevents the collagen fibres from being sheared of anchorage to the calcified zone.
The calcified zone separates the radial zone of cartilage from subchondral bone
ensuring a cohesive connection between them; has no PGs; and contains
spheroid-shaped chondrocytes, which present a hypertrophic phenotype and
synthesise collagen type X.
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1.3. Collagen type Il biosynthesis, extraction and synthesis via recombinant
technologies

Collagen type Il exhibits a triple stranded, coiled rod-like structure, is expressed
as a homotrimer (i.e. [al1(I1)]3) and is synthesised exclusively by chondrocytes
(133, 134). During synthesis, the procollagen chains undergo proline and lysine
hydroxylation by prolyl-3-hydroxylase, prolyl-4-hydroxylase and lysyl
hydroxylase (135). The modification of proline and lysine hydroxylation requires
ascorbic acid, iron and 2-oxo-glutarate. These steps occur prior to the formation
of the triple helical structure as hydroxyproline is critical for the stabilisation of
the collagen triple helix. Prolyl-4-hydroxylase triggers protein disulphide-
isomerase activity, which leads to the formation of the collagen triple helix in the
endoplasmic reticulum, as the association of collagen chains requires correct
disulphide bond formation in the C-propeptide region of procollagen. Lysyl
hydroxylase catalyses the hydroxylation of proline and lysine at both helical and
non-helical regions of procollagen polypeptide chains. Moreover, some of the
hydroxylysine residues then undergo glycosylation mediated by hydroxylysyl
galactosyltransferase and galactosylhydroxylysyl glucosyltransferase (136, 137).
Procollagen processing and crosslinking occurs in the extracellular space. The C-
terminal and N-terminal non-helical propeptides of secreted procollagen
molecules are removed by procollagen C-proteinases and members of the
ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs)
family of proteases (N-proteinases). Consequently, the removal of propeptides
results in a decreased solubility of procollagen molecules, which assemble into a
collagen triple helical structure with a higher organisation. Subsequent intra- and
inter- molecular crosslinking enables the formation of insoluble and closely
packed fibrils, able to withhold mechanical loads (138, 139).

Collagen type Il is usually degraded by matrix metalloproteinases (MMP) and
cysteine proteases secreted by the chondrocytes and the synoviocytes (140).
MMP13 is one of the major enzymes associated with the increased collagen type
Il degradation in osteoarthritis. Additionally, cysteine proteases, cathepsin K and
cathepsin S, also contribute to cartilage destruction with efficient capability in
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degrading collagen and aggrecan, thereby destroying the integrity of cartilage
network (141, 142).

Over the years, various tissues have been used and extraction protocols have been
proposed to obtain collagen type I, albeit with variable degree of efficiency with
respect to purity, from terrestrial and marine species. From the terrestrial species,
bovine (143, 144), porcine (145) and chicken (146, 147) tissues are preferred for
collagen type Il extraction. With respect to marine species, squid (148), jellyfish
(149, 150), amur sturgeon (151), hoki (152) and chondrichthyes (e.g. sharks
(153-155), skates (156)), a diverse group of cartilaginous fish that lack true bone
and exhibit a skeleton solely comprised of unmineralized cartilage, have been
used for collagen type Il extraction. In general, high yield, pure collagen type Il
preparations are produced by acid solubilisation, pepsin digestion and repeated
salt precipitation / acid solubilisation and finally dialysis methods (Figure 1.3).
Considering though the antibiotic usage in animal breeding, religious tenets and
the potential for interspecies disease transmission (157-159), recombinant
collagen technologies have been developed for biomedical applications (160-
162). In this frontier, cells (163-165), yeast (166) and baculovirus-silkworm (167)
systems have been used to express procollagen type 1l. Compared with the yeast
expression system, the insect cell expression system has lower background
interference and facilitates post-translational processing and modification (167,
168). Nonetheless, recombinant technologies are still of low yield and are

primarily utilised for niche biomedicine areas (169).
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Figure 1.3: Collagen type Il extraction flow chart from cartilage tissues and
electrophoretic mobility of collagen type | and collagen type Il (the detailed
protocol can be found here (170)). Notes: As the same protocol is used to extract
collagen type | (171-173), attention should be paid during dissection to remove
all not cartilaginous tissues. Tissue to acetic acid / pepsin solution ratio: 1 gto 1
I. Tissue to pepsin ratio: 10 to 1 w/w. High activity pepsin (e.g. 3,200-4,500 units
per mg protein) is recommended. Sieve: approximately 1,000 um in diameter.
Filter mesh: 100 um in diameter. Centrifugation details: 20 min, 8,000 rpm, <8
°C. After the second NaCl precipitation, dissolution is conducted in minimum
amount of acetic acid in order to produce a high in concentration collagen type
Il solution. All experiments are conducted at 4-8 <€ to avoid collagen

denaturation.
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1.4. Collagen type 11 scaffolds in cartilage engineering

Mammalian, marine and recombinant collagen type Il-based hydrogels and
sponges (primary scaffold conformations used in cartilage engineering) have
been shown to both maintain and induce chondrogenic phenotype in vitro (Table
1.1). To enhance mechanical integrity, crosslinking (e.g. poly(ethylene glycol)
ether tetrasuccinimidyl glutarate (174), carbodiimide (175-177), genipin (178))
and/or blending with other polymers (e.g. polyvinyl alcohol (179), poly(L-lactide)
and poly(lactide-co-glycolide) (180, 181), chitosan (182)) is traditionally
employed. Although structural configurational differences between collagen type
Il hydrogels and sponges have been shown to induce different chondrocyte
response (with respect to morphology, proliferation and gene expression), in the
end, both scaffolds have been shown to stimulate comparable chondrogenesis
(183). It is also worth noting that collagen type Il electrospun scaffolds have also
been developed (184-186), but the unavoidable denaturation of collagen prior or
during the process (187, 188) has restricted their use. Advances in engineering
(e.g. bioprinted collagen type Il hydrogels with cell density gradient (189),
alginate / collagen type Il microbeads (190), hyaluronic acid / collagen type 1l
microspheres (191)) and/or functionalisation technologies (e.g. chondroitin
sulphate (192, 193), hyaluronic acid (175), glycosaminoglycan (194)) have made
available elegant collagen type Il scaffolds with enhanced in vitro chondrogenic
potential. In preclinical setting, collagen type Il scaffolds (with / without
functional molecules and/or with / without cells) have been shown to stimulate
hyaline neocartilage formation in chondral and osteochondral defects of a diverse
range of animal species (Table 1.2).

Despite all the available data-to-date that have comprehensively shown the
importance of collagen type Il in chondrogenic induction or maintenance and in
cartilage repair and regeneration, numerous studies still utilise collagen type I in
cartilage engineering (195-198). This is surprising, as the clear superiority of
collagen type Il over collagen type | in cartilage engineering has been well-
documented in the literature (199-202), due to a combination effect of
biochemical (i.e. the lack of collagen type | and the presence of collagen type Il
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and other bounded cartilage-specific constituents) and biophysical (i.e. induction
of round cell shape morphology, via the integrin B1-mediated Rho A/Rock
signalling pathway (203)) signals. It is also interesting to note that, to the best of
our knowledge, only a handful of companies provide high purity collagen type Il
(e.g. porcine articular cartilage derived collagen type 11, Symatese) and that no
single collagen type Il-based device is available, whilst numerous collagen type
| devices are available for cartilage engineering (e.g. Chondro-Gide®, Geistlich
Pharma AG; Novocart® Basic, TETEC AG; MeRG®, Bioteck Srl), despite the
fact that collagen type | scaffolds have failed to demonstrate efficiency in healing

of human osteochondral (43) and large cartilage (42) defects.

This limited technology transfer of collagen type Il can be attributed to two main
reasons. Firstly, we believe that commercialisation of collagen type Il1-based
devices has been compromised by early studies that showed native collagen type
Il from human, chick, murine and bovine cartilage to induce inflammatory
arthritis in rats (204-206) and in non-human primates (207); and antibodies of
native and denatured collagen type Il to be present in patients with early
rheumatoid arthritis and chronic gouty arthritis (208-210). It is worth noting
though that effectively crosslinked collagen type 11 does not induce arthritis in
rats (211) and numerous studies have demonstrated collagen type Il devices to
promote hyaline neocartilage formation (Table 1.2). The second issue that may
be responsible for the limited use of collagen type Il in medical device
development is the difficulty in producing high amounts of high purity and high
yield, all in comparison to collagen type I, collagen type Il preparations.
Obviously, the main reason behind this is the articular cartilage tissue availability,
in comparison to skin, for example, tissue. Having said, a typical cartilage defect
is a lot smaller than a typical skin defect and therefore extraction of collagen type

Il constitutes a value for money proposition.
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Table 1.1: Indicative examples of mammalian, marine and recombinant collagen
type Il scaffolds that have been shown to maintain and/or induce chondrogenic
phenotype in vitro. Abbreviations: 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide-sulfo-N-hydroxy-succinimide: EDC-NHS; Adipose derived stem
cells: ADSCs; BMSCs: bone marrow stem cells; Cartilage oligomeric matrix
protein. COMP; Chondroitin sulphate: CS; Extracellular matrix: ECM; GAG:
glycosaminoglycan; Hyaluronan: HA; Matrix metalloproteinase: MMP; PG:

proteoglycan

Scaffold

conformation

Major findings, Reference

Bovine collagen type
I, CS HA

sponges

and

Genipin crosslinked

Human chondrocytes

Chondrocytes maintained round morphology after 14
days of culture. Increased gene expression of
aggrecan, collagen type Il and COMP and greater
accumulation of proteoglycans was seen on scaffolds

with CS and HA than those without CS and HA (178)

Bovine collagen type

I sponges
Genipin crosslinked

Human chondrocytes

The administration of GAGs to culture medium
improved cell differentiation tendency to functional
hyaline cartilage, as evidenced by the upregulation of
GAG biosynthesis rate and gene expression of
aggrecan and collagen type 1l after 28 days of culture
(212)

Bovine collagen type

Il and CS sponges
No crosslinker

Human BMSCs

The cells produced abundant collagen type Il on type
Il scaffolds and collagen type | on type | scaffolds,
the addition of CS upregulated the gene expression
of collagen type Il, compared to type | and type Il
alone scaffolds (192)
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Bovine collagen type

Il and CS sponges

EDC-NHS

crosslinked

Bovine chondrocytes

Chondrocytes maintained round morphology, the
cells loaded scaffolds were surfaced with a

cartilaginous-like layer, and collagen type I
scaffolds contained occasionally clusters of cells
inside the sponges in contrast to collagen type I

sponges after 14 days of culture (213)

Bovine collagen type

I sponges

Ultraviolet irradiation

crosslinked

Murine chondrocytes

The

maintained chondrogenic phenotype after 3 weeks of

primary chondrocytes in the scaffolds
culture. The gene expression of collagen type II,
collagen type Xl, and SOX9 in de-differentiated
chondrocytes cultured in the scaffolds decreased
when compared to that in primary chondrocytes after

4 weeks of culture (214)

Bovine collagen type

Il coated chitosan

fibres
No crosslinker

Murine BMSCs

The cell number, the matrix production (dry weight,
GAG quantifications), and the chondrogenic marker
gene expression (aggrecan, collagen type I1) were
upregulated in collagen type Il coated chitosan
scaffolds compared to pure chitosan scaffolds and
polyglycolic acid scaffolds after 21 days of culture
(182)

Porcine collagen type

Il hydrogels
No crosslinker

Rabbit chondrocytes

Chondrocytes maintained chondrogenic phenotype
and the cell density gradient distribution resulted in a
ECM gradient distribution in the scaffolds after 3

weeks of culture (189)

Porcine collagen type
Il and CS hydrogels

EDC-NHS

crosslinked

Chondrocytes maintained round morphology, the
collagen fibres became thicker and arranged neatly

with the increase of CS in the scaffolds and displayed
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Rabbit chondrocytes

periodic alternation of light and shade after 7 days of
culture (193)

Porcine collagen type
Il and GAG sheets

Dehydrothermal
treatment and
carbodiimide

crosslinked

Canine chondrocytes

The addition of 5 ng/ml FGF-2 to the culture medium
increased the biosynthetic activity of the cells and the
accumulation of GAGs compared to the addition of
25 ng/ml FGF-2, 100 ng/ml IGF-1, 5 ng/ml FGF-2
plus 100 ng/ml IGF-1 after 2 weeks of culture (194)

Porcine collagen type

I sponges

EDC/NHS

crosslinked

Canine chondrocytes

Most of the chondrocytes were around the periphery
of the sponges, the cells tend to be elongated along
the periphery of the scaffolds and round inside the
scaffolds. a-smooth muscle actin is present in the

cytoplasm of the cells after 4 weeks of culture (215)

Porcine collagen type

I sponges

Ultraviolet irradiation

crosslinked

Canine chondrocytes

Chondrocytes maintained chondrogenic morphology
and displayed less shrinkage, higher biosynthetic
activity and more hyaline cartilage-like tissue
formation compared to collagen type | scaffolds after
21 days of culture (216)

Porcine collagen type
Il and GAG sponges

Ultraviolet irradiation

crosslinked

Canine chondrocytes

After 4 weeks of culture, a range of pore diameter
from 25-257 um did not affect cell-mediated scaffold
contraction and a-smooth muscle actin was present

in the cytoplasm of the seeded chondrocytes (217)
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Porcine collagen type
Il and GAG sheets

Dehydrothermal
treatment and EDC-
NHS crosslinked

Canine chondrocytes

Scaffolds

(dehydrothermal treatment and

cross-link densities
low EDC/NHS

treatment) enhanced cell proliferation, chondrogenic

with low

maintenance and collagen type Il synthesis and
increased the rate of scaffold degradation compared
to scaffolds with high cross-link densities (high
EDC/NHS treatment) after 2 weeks of culture (218)

Porcine collagen type

Il sheets

Dehydrothermal
treatment and EDC-
NHS crosslinked

Canine chondrocytes

Static compressions of 50 % strain decreased the
biosynthetic activity of the chondrocytes (the
accumulation rate of 3H-proline-labeled protein and
353-sulfate-labeled proteoglycan over a 24-h period).
0.1 Hz

superimposed on 10 % strain offset) upregulated

Dynamic compression (3 % strain,
protein and PG biosynthesis compared to statically
compressed and uncompressed controls after 7 days
of culture (219)

Chicken collagen type
Il and

sulphate sponges

chondroitin

EDC-NHS

crosslinked

Rabbit chondrocytes

Chondrocytes maintained round morphology. The
cell proliferation, the accumulation of proteoglycans
and collagen type Il were enhanced in collagen type
Il and CS scaffolds compared to pure collagen type
Il scaffolds after 14 days of cell culture. A
cartilaginous-like layer was formed at the periphery
of the scaffolds (177)

Chicken collagen type
I hydrogels

No crosslinker

Rabbit chondrocytes

The cells in collagen type Il scaffolds maintained
chondrogenic phenotype and displayed increased
PGs the
polystyrene. > 50 % of the newly synthesized PGs

synthesis compared to cells on

were recovered from collagen type Il scaffolds
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compared to 13-16 % of those recovered from

polystyrene (220)

Squid collagen type Il

coating
No crosslinker

Murine chondrocytes

Chondrocytes cultured in the conditioned medium
from collagen type Il treated M1 macrophages
mostly maintained round morphology and displayed
mild increase in the expression of MMP13, compared
with those in the conditioned medium from untreated
M1 macrophages (148)

Recombinant human

collagen  type I

hydrogels
No crosslinker

Human BMSCs

The cells in the scaffolds displayed similar GAGs
deposition and similar chondrogenic marker gene
expression and upregulated gene expression of
metallopeptidases compared to the high-density cell
pellet after 84 days of culture (221)

Recombinant human

collagen  type Il

hydrogels
No crosslinker

Bovine chondrocytes

Chondrocytes maintained round morphology and the
accumulation of GAGs and collagen type I
increased after 4 weeks of culture. The gene
expression of aggrecan and collagen type Il was

increased since week 1 (222)

Collagen type I

(species is not

mentioned) hydrogels
No crosslinker

Rabbit chondrocytes

The dedifferentiated auricular chondrocytes were
converted to articular chondrogenic phenotype in a
collagen type Il coated environment after 14 days of
culture. The converted auricular chondrocytes
expressed similar histological and biomechanical
features as articular chondrocytes in the scaffolds

after 28 days of culture (223)
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Table 1.2: Indicative examples of mammalian, marine and recombinant collagen

type 1l scaffolds

in preclinical

models. Abbreviations: 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide-sulfo-N-hydroxy-succinimide: EDC-NHS;

Adipose derived stem cells: ADSCs; Bone marrow stem cells: BMSCs;

Glycosaminoglycan: GAG

Scaffold

conformation

Model, Major findings, Reference

Bovine collagen type
Il, cadherin 11 and
recombinant

fibronectin sponges

Glutaraldehyde
crosslinked

Rabbit BMSCs

Rabbit chondral defect

The cell loaded scaffold induced cartilage formation

12 weeks post-surgery (224)

Bovine collagen type
Il and

sulphate sponges

chondroitin

Genipin crosslinked

Rabbit BMSCs

Rabbit chondral defect

Lacuna formation 4 weeks post-surgery and high
collagen type 1l and aggrecan and low collagen type
| gene expression 24 weeks post-surgery (225)

Bovine collagen type |
and collagen type Il
and chondroitin

sulphate sponges

Carbodiimide

crosslinked

No cells

Rabbit chondral defect

Collagen type | scaffolds attracted progenitor cells
into the defect and induced fibro-cartilage repair,
whilst collagen type 11 scaffolds attracted less cells
into the defected, but the invaded cells adopted a

chondrogenic phenotype and increased the amount
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of superficial cartilage-like tissue 12 weeks post-

surgery (201)

Bovine collagen type

I hydrogels

Pentaerythritol
polyethylene  glycol
ether tetrasuccinimidyl

glutarate crosslinked

Rabbit chondrocytes

Rabbit chondral defect

Cartilage repair was improved in cell-scaffold
treated groups and collagen type | was not detected

24 weeks post-surgery (226)

Bovine collagen type

I sponges
Genipin crosslinked

Rabbit BMSCs

Rabbit osteochondral defect

The implanted cells became chondrocytes in the
implanted area and cartilage structure, same as
normal cartilage, was observed in the repair site 24

weeks post-surgery (227)

Porcine collagen type
I, collagen type Il and
collagen type I11 blend

sponges
No crosslinker

Autologous ovine

chondrocytes

Ovine chondral defect

Scaffolds with chondrocytes and with microfracture
into the subchondral plate resulted in hyaline-like

cartilage regeneration 16 weeks post-surgery (228)

Porcine collagen type

I sponges
EDC-NHS crosslinked

Autologous

chondrocytes

Canine chondral defect

Scaffolds cultured with chondrocytes for 4 weeks

prior implantation increased the amount of

reparative hyaline cartilage tissue after 15 weeks
(215)
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Porcine collagen type
Arg-Gly-Asp
sequence with poly(L-

Il or

lactide) or poly(D,L-
lactide-co-glycolide)

Sponges

Carbodiimide

crosslinked

Rabbit chondrocytes

Rabbit chondral defect

Collagen type Il prevented infiltration by host tissue
and capsule formation, showed no inflammation and
resulted in partial or full repair with equal cellularity
and 75-80 % matrix contents of a normal rabbit
articular cartilage 8 weeks post-surgery (229)

Porcine collagen type

Il sponges and films

Ultraviolet irradiation

crosslinked

Autologous canine

chondrocytes

Canine chondral defect

Total defect filling ranged 56-86 %, with the
greatest amount found in scaffolds with cells and
microfracture compared to scaffolds alone with
microfracture and microfracture alone 15 weeks
post-surgery, the tissue filling the defect was

predominantly fibrocartilage (230)

Porcine collagen type

I sponges

No crosslinker

Rabbit chondral defect

Scaffolds displayed quicker effusion absorption,
greater newly formed cartilage-like areas than the
empty group 18 weeks post-surgery, sporadic

cartilage signals first appeared at 6 weeks in the

No cells

scaffolds (231)
Collagen  type 1l | Rabbit osteochondral defect
hydrogels

No crosslinker

Rabbit chondrocytes

Cells seeded collagen type Il hydrogels displayed
better cartilage repair compared to sham, cell pellet
and scaffolds alone groups (223)
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Collagen type 1I-GAG
sponges reconstituted
from porcine cartilage
and bovine collagen
type | sponges with
shark

sulfate

chondroitin-6-

Dehydrothermal
treatment and
ultraviolet irradiation

crosslinked

Autologous canine

chondrocytes

Canine chondral defect

Both cell-seeded scaffolds exhibited comparable

cartilage regeneration potential and increased
cartilaginous tissue in chondral defects and adjacent
subchondral bone space compared to empty group

15 weeks post-surgery (232)

Chicken collagen type
Il and fibrin sealant

hydrogels
No crosslinker

Human ADSCs

Rabbit chondral defect

Improved overall repair of chondral defects, cellular
organisation and collagen fibre alignment 12 weeks

post-surgery (233)

Chicken collagen type
Il and rat collagen type

I blend hydrogels
No crosslinker

Autologous rabbit

BMSCs

Rabbit chondral defect

Cell-seeded collagen type I/1l scaffolds exhibited
better cartilage repair outcomes in trochlear groove
defects compared to pure collagen type | hydrogels
and empty chondral defects 13 weeks post-surgery
(234)

Squid collagen type Il

intra-articular injection

Suppressed pro-inflammatory macrophage

phenotype, prevented hypertrophic chondrocyte
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No crosslinker

No cells

phenotype and alleviated inflammation in an OA rat
model 6 weeks after OA induction (148)

Shark collagen type II

was administered

orally
No crosslinker

No cells

Facilitated recovery of articular membranes in the
ankle joint and suppressed rheumatoid arthritis in a
complete Freund’s adjuvant-induced rheumatoid
arthritis rat model 2 weeks after rheumatoid arthritis
induction (235)

Recombinant collagen

type 11 hydrogels
No crosslinker

Autologous rabbit

chondrocytes

Rabbit osteochondral defect

Cell-scaffold treated group exhibited a slight but

insignificant improvement in cartilage repair
compared to spontaneous repair group and both
groups had lower modified O’Driscoll’s score than

intact cartilage 24 weeks post-surgery (236)

Recombinant collagen
type 1l and polylactide

sponges

Carbodiimide

crosslinked

Autologous  porcine

chondrocytes

Porcine chondral defect

Hyaline cartilage formed most frequently in the
recombinant collagen type Il / polylactide / cells

group,
properties only over the spontaneous repair group

which also improved biomechanically
and showed less adverse subchondral reactions than
the Chondro-Gide® (a bilayer collagen type 1 /
collagen type 111 membrane) / cells group, but not in
comparison to the spontaneous repair group 16

weeks post-surgery (237)
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1.5. Project phases and hypotheses

Phase |

Considering that porcine collagen type Il has been shown to maintain
chondrogenic phenotype of rabbit (193), human (212) and ovine chondrocytes
(228); to promote the formation of neocartilage (238); and to reduce pain in a rat
osteoarthritis model when it was per os administered (239), porcine collagen type
I may be the ideal scaffold material for cartilage tissue engineering. Considering
though the inherent variability of animal-derived products, it is imperative to
identify the optimal porcine collagen type Il tissue source. Thus, herein it is
hypothesised that there is an optimal tissue source (porcine male and female
articular, tracheal and auricular cartilage) for pure collagen type Il extraction for

maximum chondrogenic induction.

Phase 11

Extensive use of antibiotics, religious tenets and the potential for interspecies
disease transmission restrict the use of mammalian derived collagens (157-159).
In this regard, marine species derived collagen offers an opportunity as a safe,
sustainable and environmentally friendly alternative to mammalian species
derived collagen (240-243). Collagen type | / type Il materials from marine
species have been shown to maintain human, bovine and rat nasal chondrocyte
phenotype (149, 244) and to induce chondrogenic differentiation of human
mesenchymal stem cells (245, 246). Considering though that collagen type II
scaffolds are more chondrogenic than collagen type | scaffolds (192, 202, 247),
it is imperative to develop pure collagen type Il preparations and assess their
potential for cartilage engineering. Thus, herein it is hypothesised that there is an
optimal chondrichthyan (cartilaginous fish) species [lesser spotted dogfish
(Scyliorhinus canicula), thorn back ray (Raja clavata), cuckoo ray (Leucoraja
naevus) and blonde ray (Raja brachyuran)] for pure collagen type Il extraction

for maximum chondrogenic induction.
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Phase 111

Gelatin is a mixture of hydrolysed peptides that derive from the degradation of
the tertiary, secondary and to some extent, the primary structure of native
collagen (248). There are two types of gelatin, type A produced through acid
treatment of collagen with an isoelectric point at pH 4~5 and type B produced
through alkaline hydrolytic treatment of collagen with an isoelectric point at pH
8~9 (249). In recent decades, the processing of gelatin-based products has been
industrialised, resulting in increased use in the food, cosmetic and
pharmaceutical sectors (250). In cartilage space, gelatin-based scaffolds have
shown promising results in both in vitro and in vivo setting (251-253). Despite
though the positive data that have been obtained over the years, the use of gelatin
in biomedicine is somehow restricted due to its high affinity to endotoxin
contamination. Endotoxins are large and complex lipopolysaccharides that are
localised at the outer membrane of Gram-negative bacteria (254, 255). Although
FDA has determined the acceptable level of endotoxin contamination in medical
devices to be 0.5 endotoxin units/ml (256), endotoxin contamination is frequently
encountered in biomedicine (256-263). It is therefore imperative to assess
residual endotoxins in medical devices and especially in natural biomaterials that
are prone to endotoxin contamination (264, 265). Herein, it is hypothesised that
the biophysical, biochemical and biological properties of gelatin (porcine type A
and bovine type B, from two different suppliers) and gelatin-based biomaterials
(hydrogels for physicochemical analysis and films for biological analysis) are
affected by the different levels of endotoxin content (from < 1 up to 10,370
endotoxin units per gram) and bloom index (from 220 to 355). Note: For various
reasons, in the end, the chondrogenic potential of gelatin preparations was not

assessed.
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2.1. Introduction

Articular cartilage is a hydrated connective tissue with low coefficient of friction
that covers the bone ends of articulating joints, enabling smooth and efficient
weight-bearing. Since articular cartilage is an avascular, alymphatic and aneural
tissue with low metabolic activity, its self-healing capacity is minimal (1, 2). As
a result of tissue degradation, due to pathophysiology or injury, osteoarthritis is
manifested, which currently affects over 240 million people globally (3).
Osteoarthritis is characterised as the second most expensive health condition to
treat in US hospitals with total direct expenditures of US$ 41.7 billion in 2011
(4) and is projected to increase further proportionally to the increase of
population aging and obesity (5, 6). The state of the art in cartilage repair and
regeneration includes microfracture (7-9), tissue grafting (10-12), scaffold or
scaffold-free, autologous or allogeneic, chondrocyte or stem cell transplantation
(13-15), molecular delivery (16-18) and various acellular biomaterial (19, 20)
approaches. Unfortunately, there is still no widely accepted therapeutic treatment
available. It is therefore imperative and timely to develop functional therapeutic

interventions for cartilage repair and regeneration.

As conventional 2D monolayer cell culture systems, where cells are grown on
flat surfaces, result in loss of chondrogenic phenotype, substantial research and
development efforts are directed towards the development of 3D scaffolds that
would mimic native cartilage tissue and therefore induce effective
chondrogenesis (21-25). Among the diverse range of natural and synthetic
materials, the use of collagen and in particular collagen type Il (as opposed to
collagen type 1) has been advocated, as it constitutes the major extracellular
matrix (ECM) protein of cartilage (26-28) and has shown repeatedly to maintain
chondrocyte phenotype in vitro (29, 30). Collagen type Il has also been shown to
induce chondrogenic differentiation of stem cells (31) by inducing a round cell
shape via the integrin 31-mediated Rho A/Rock signalling pathway (32) and to
suppresses articular chondrocyte hypertrophy and osteoarthritis progression via
promotion of integrin B1-Smadl interactions (33). It is also worth noting that
collagen type Il matrices have been shown to promote superficial cartilage-like-
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tissue formation in rabbit full thickness articular cartilage defects, compared to
collagen type | (34), and collagen type | scaffolds have failed to demonstrate
efficiency in human osteochondral repair (35) and in human large cartilage
defects (36). Further, collagen type Il scaffolds from porcine cartilage (with
autologous articular cartilage chondrocytes) (30, 37) and from bovine trachea
(with autologous rabbit bone marrow stem cells) (38) have been shown to induce
hyaline neocartilage formation in chondral canine defect and osteochondral
rabbit defect animal models, respectively. Considering though the inherent
variability of animal-derived products, it is imperative to identify an optimal

porcine collagen type Il tissue source.

Herein, we ventured to assess the influence of biological sex (male, female) and
tissue (articular, tracheal, auricular) on the biophysical, biochemical and
biological properties of pepsin extracted porcine collagen type Il scaffolds.
Pepsin extraction was chosen as it has been shown to increase yield and to reduce
immune responses (39-41) and 4-arm polyethylene glycol succinimidyl glutarate
was selected to crosslink the produced scaffolds as its stabilisation and
cytocompatibility efficiency have been demonstrated repeatedly in the literature
(42-44).
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2.2. Materials and Methods
2.2.1. Materials

All chemicals were of analytical grade. Porcine tissues (articular cartilage,
tracheal cartilage, auricular cartilage) were obtained from a local slaughterhouse.
All tissue samples were obtained freshly and stored at -20 <€ until analysis. 4-
arm polyethylene glycol (PEG) succinimidyl glutarate (4SG, Mw 10,000) was
purchased from JenKem Technology (USA). All other materials and reagents

were purchased from Sigma-Aldrich (Ireland) unless otherwise stated.

2.2.2. Type Il collagen isolation

Extraction of pepsin soluble collagen was performed as previously described
with slight modifications (40). The selective cleavage of the N- and C- terminal
regions of the collagen molecules was achieved by enzymatic digestion with
pepsin (3,200-4,500 units per mg protein, cat. no. P6887) (45). Porcine tissues
were thawed at room temperature and washed thoroughly under running tap
water. Cartilage was manually dissected using a surgical scalpel, incubated in 0.2
M NaOH solution for 12 h and washed with absolute ethanol. Cartilage samples
were manually cut into small pieces, homogenised in liquid nitrogen using a
CryoMill (SPEX SamplePrep 6870, Germany) and suspended in tissue to 1 M
acetic acid ratio of 1 to 1 (g/l) under stirring for 48 h at 4 <€. Then pepsin was
added at tissue to pepsin 10 to 1 (w/w) ratio at room temperature and the solutions
were kept under constant stirring for 48 h at 4 <€€. Collagen solution was filtered
through sieve and filter mesh; insoluble matter was discarded. Purified collagen
solutions were obtained after repeated [first in collagen to 1 M acetic acid ratio
of 1to 1 (g/l) and second in 1 M acetic acid at collagen to acetic acid ratio of 1.5
to 1 (g/ml)] salt precipitation (0.9 M NaCl) / centrifugation (20 min, 8,000 rpm,
4-8 €). Both supernatants were discarded. The precipitates from the second salt
precipitation were dissolved in minimum amount of 1 M acetic acid to obtain

highly concentrated collagen solutions. Subsequently, the highly concentrated
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collagen solutions were dialysed against 0.001 M acetic acid for 48 h at 4 €. The

final collagen solutions were stored at 4 <€ until use.

2.2.3. Sodium dodecyl sulphate poly-acrylamide gel electrophoresis

To assess the purity of the extracted collagen from the various tissues, sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) under non-
reducing conditions was conducted (46) using a Mini-Protean 3 electrophoresis
system (Bio-Rad Laboratories, UK). 3 % running gel and 5 % separation gel were
used. Collagen samples were freeze dried in freezer-dryer (FreeZone Plus 4.5
Liter Console Freeze Dry System, Labconco, USA) and then dissolved at 1
mg/ml concentration in 0.5 M acetic acid. Collagen solutions were neutralised
with 1 N NaOH, followed by the addition of 5x sample buffer (bromophenol blue
/ SDS). The sample-buffer mixture was heated at 95 <€ for 5 min and a 10 |
aliquot of the mixture was loaded onto each well of the running gel. High purity
soluble collagen type | (Symatese, France) was used as negative control and
soluble collagen type Il isolated from chicken sternal cartilage (C9301, Sigma-
Aldrich) was used as positive control, both at 1 mg/ml concentration in 0.5 M
acetic acid. Electrophoresis was carried out by first applying 50 V constant
voltage until the samples reach the end of the running gel and then 120 V constant
voltage was applied until the samples reached the end of the separation gel. The
gels were silver stained using SilverQuest™ kit (Invitrogen, USA), according to

the manufacturer’s protocol.

2.2.4. Collagen crosslinking and scaffold fabrication

Collagen type Il preparations were freeze dried, re-dissolved in 0.05 M acetic
acid to form solutions of 5 mg/ml concentration, crosslinked with 1 mM 4-arm
polyethylene glycol succinimidyl glutarate (PEG-4SG, Mw 10,000) in phosphate
buffered saline (PBS) (43) and frozen at -80 € for 12 h. Non-crosslinked

collagens were prepared using PBS only. Frozen solutions were freeze dried to
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obtain collagen type Il sponges. All the collagen scaffolds were produced on the

same day and under the same freeze-drying condition to avoid variabilities.

2.2.5. Ultrastructural assessment

Collagen sponges were sectioned in the dry state to expose the inner porous
structure, mounted onto a carbon disk, gold sputter coated (Emitech K-550X
Sputter Coater, Emitech, UK) and imaged with a Hitachi S-4700 scanning
electron microscope (SEM, Hitachi, High-Technologies Europe GmbH,
Germany). Three micrographs of different areas were obtained from each
collagen sponge and average pore size and porosity of non-crosslinked and
crosslinked collagen sponges were determined using ImageJ software (National
Institutes of Health, USA). The images were binarised using thresholding
procedure, a window showing pore size distribution was emerged and 80-100
pores were measured per image. The average pore size and porosity were

assessed after proper thresholding (47).

2.2.6. Biomechanical assessment

The mechanical properties of the collagen sponges were assessed via uniaxial
compression using a material testing machine (Z2.5, Zwick/Roell, Germany)
loaded with a 10 N load cell. Uniaxial constant loading was performed on dry
collagen sponges with approximately 4 mm height and 9 mm in diameter.
Scaffolds were placed between two loading cells and compressed until 70 %
deformation was reached, with a compression rate of 10 mm/min. Force, strain
and elastic modulus were determined by plotting stress versus strain curves. Both
compression strength and elastic modulus were determined within the linear area
of the curves at the position of 30 % deformation and elastic modulus was
calculated using the linear equation of trend-lines at the position of 30 % of the
deformation (48).
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2.2.7. Denaturation temperature assessment

The denaturation temperature of collagen sponges was assessed using a
differential scanning calorimeter (DSC, DSC-60, Shimadzu, Japan) in wet state
(49). In brief, collagen sponges were hydrated in 1x PBS for 12 h at 4 <C. The
samples were then blotted with filter paper to remove excess PBS and
hermetically sealed in aluminium crucibles. Collagen samples of 10-15 mg were
used for DSC analysis. An empty aluminium crucible was used as reference.
Heating was carried out at a constant temperature ramp of 10 <T/min with a
temperature range of 20-100 <C. Thermal denaturation, the endothermic
transition, was recorded as typical peak and the peak (temperature of maximum

power absorption during denaturation) temperature was recorded.

2.2.8. Free amines assessment

Crosslinking efficiency was quantified using the 2,4,6-trinitrobenzene sulfonic
acid (TNBSA) assay (Thermo Fisher Scientific, Ireland). Collagen free amine
groups react with TNBSA to form highly chromogenic derivatives that can be
measured at 335 nm. Briefly, collagen sponges (~ 3 mg) were incubated with
TNBSA at 37 <€ for 2 h. The reaction was stopped by adding 10 % sodium
dodecyl sulphate (SDS) and 1 M hydrochloric acid. The mixtures were
subsequently heated at 95 <€ for 15 min in order to hydrolyse the collagen
samples. The absorbance of each sample was read at 335 nm (Varioskan Flash
Multimode Reader, Thermo Fisher Scientific, Ireland) and values were
normalised to the standard curve, which was generated with a series of a known
glycine solution at different concentrations (0.005, 0.01, 0.02, 0.03, 0.04 and 0.05
mg/ml).

2.2.9. Resistance to enzymatic degradation assessment

Enzymatic stability of the collagen sponges was quantified with the collagenase
assay (50). Briefly, collagen sponges were weighed and hydrated for 2 h in 0.1
M Tris-HCl and 50 mM CaCl, at pH 7.4. The sponges were then incubated in 50
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U/ml bacterial collagenase type 11 (MMP-8; Gibco, cat. no. 17101-015, Ireland).
After incubation at different time points (3 h, 6 h, 9 h, 12 h and 24 h) at 37 <C,
centrifugation was carried out at 10,000 g for 5 min, the supernatants were
removed and the remaining collagen sponges were freeze-dried and weighed.
The degree of enzymatic degradation was quantified using the weight difference
approach [(Wo-Wt)/ Wo] x 100, where Wo is the original weight and Wt is the

remaining weight.

2.2.10. Cell culture

Human adipose derived stem cells (hnADSCs) from female healthy donor (cat. no.
PT-5006) were purchased from Lonza (Switzerland) and cultured in alpha
Minimum Essential Medium (alpha-MEM) with GlutaMAX™ (Gibco Life
Technologies, Ireland) supplemented with 10 % foetal bovine serum and 1 %
penicillin-streptomycin at 37 € in 95 % humidified atmosphere of 5 % CO,. At
passages 5, cells were resuspended in fresh medium and 100 | of cell suspension
was seeded onto each collagen sponge at a density of 200,000 cells/sponge. As a
negative control group, human adipose derived stem cells were cultured on tissue
culture plastic (TCP) at 50,000 cells/cm?. Cells were left to attach to the sponge
for 2 h before the expansion medium was added. Expansion medium was
changed to chondrogenic induction medium the next day to allow for the cells to
attach and spread evenly throughout the scaffold. The chondrogenic induction
medium was composed of high glucose Dulbecco's Modified Eagle's medium
(DMEM), 100 nM dexamethasone, 50 mg/ml bovine serum albumin, 50 pg/ml
ascorbic acid-2-phosphate, 5 ml insulin-transferrin-selenium (ITS) liquid media
supplement, 10 ng/ml transforming growth factor betta 3 (TGF-$3, R&D
Systems, USA). Cells were cultured for 7, 14 and 21 days and media were

changed every 2 days.
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2.2.11. Cell viability assessment

Cell viability was analysed using the Live/Dead® assay (Life Technologies,
Ireland) as per manufacturer’s protocol. Briefly, at the end of each timepoint, the
collagen sponges were washed three times with Hanks’ balanced salt solution
(HBSS) and incubated with calcein AM and ethidium homodimer 1 solution (4
M calcein-AM and 2 M ethdium homodimer-1) in HBSS at 37 <€, 5 % CO>
and 95 % relative humidity for 30 min. The collagen sponges were washed with
fresh HBSS to remove excess dye. Subsequently, images were acquired using a
Fluoroview 1000 confocal laser microscope (FV1000 Shackelton, Olympus,
Japan). Live (green) and dead (red) cells were analysed using ImageJ Software
(National Institutes of Health, USA).

2.2.12. Cell proliferation assessment

Cell proliferation was assessed using the Quant-iT™ PicoGreen® dsDNA kit
(Invitrogen, USA), according to the manufacturer’s guidelines. Collagen sponges
were washed three times with HBSS at the end of each timepoint, 200 4 DNase
free water was added and frozen at -80 <€ until analysis. Collagen sponges were
freeze-thawed at least three times in order to lyse the cells. Subsequently,
PicoGreen® working solution was added to the collagen sponges and incubated
at room temperature for 5-10 min, protected from light. Fluorescence was
measured at excitation and emission wavelengths of 480 nm and 520 nm using a
Varioskan™ Flash Multimode Reader (Thermo Fisher Scientific, Ireland). The
obtained values were normalised to the standard curve, which has been generated
with a series of known DNA stock solutions at different concentrations (0, 5, 10,
25, 50, 100, 500 and 1,000 ng/ml).

2.2.13. Cell metabolic activity assessment
Cell metabolic activity was analysed using an alamarBlue® assay (Invitrogen,

USA), as per manufacturer’s protocol. Briefly, collagen sponges were washed
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three times with HBSS at the end of each time point, 10 % alamarBlue® was
added to each collagen sponge and incubated at 37 €, 5 % CO2 and 95 % relative
humidity for 3 h. Absorbance was measured at 570 nm and 600 nm using a

Varioskan™ Flash Multimode Reader (Thermo Fisher Scientific, Ireland).

2.2.14. Sulphated glycosaminoglycan assessment

The amount of sulphated glycosaminoglycans (SGAG) produced by the hADSCs
was quantified using the Blyscan™ sGAG assay kit (Biocolor, UK) according to
the manufacturer’s protocol. Briefly, collagen sponges were washed three times
with HBSS at the end of each timepoint, followed by papain extraction. Then, 1
ml Blyscan™ dye reagent was added to each sample and the samples were mixed
gently using an incubated orbital shaker (Thermo Fisher Scientific, Ireland) for
30 min. The samples were then centrifuged at 17,000 g for 10 min. Unbound dye
solution was carefully drained and 0.5 ml dissociation reagent was added to the
remaining SGAG droplets. 200 i of each sample was transferred to individual
wells of a 96 micro well plate and the absorbance was measured at 656 nm using
a Varioskan™ Flash Multimode Reader (Thermo Fisher Scientific, Ireland).
Standard aliquots containing 1, 2, 3, 4 and 5 g GAGs were used as reference
standards for standard curve. The SGAG concentration of each collagen sponge

was obtained after normalisation to the standard curve.

2.2.15. Histology assessment

Collagen sponges were collected at each time point, washed with 1x PBS and
immersion-fixed with 4 % paraformaldehyde for 30 min at room temperature.
Collagen sponges were washed with 1x PBS and cryoprotected in PBS
containing 15 % and 30 % sucrose, consecutively. Collagen sponges were
embedded in optimal cutting temperature compound (Tissue-Tek, USA) and
cryo-sectioned using a Cryostat (Leica, CM1850, Germany). Serial sections of
5-10 pm in thickness were collected on adhesion glass slides (Superfrost Plus,
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Thermo Fisher Scientific, Austria), air-dried for 1 h at room temperature and
stored at -20 <C until further processing. Sections were stained using
haematoxylin and eosin (H&E) stain. Nuclei were stained with Mayer’s
Haemalum solution (Carl Roth, Germany) for 5 min, slides were washed in 0.5 %
hydrogen chloride-ethanol solution to destain the connective tissue and
subsequently rinsed in 1 % acetic acid to stop the staining reaction. Samples were
washed with running tap water for 10 min and sections were counterstained with
an alcoholic Eosin Y solution (50 % of ethanol and 0.15 % of eosin) for 30 sec.
After rinsing in 1 % acetic acid, samples were dehydrated through graded ethanol
and xylene and mounted with distyrene-dibutyl phthalate-xylene (DPX)
mounting medium. Images were captured under a light microscope (Olympus,

Japan) and analysed using ImageJ Software (National Institutes of Health, USA).

The detection of sulphated GAGs was carried out through Alcian blue staining.
Serial sections of collagen sponges were stained with 3 % Alcian blue staining
solution for 30 min, followed by a rinse in 1 % acetic acid and then counterstained
with nuclear fast red solution (Merck, USA) for 5 min. Then, the slides were
briefly rinsed in distilled water, dehydrated with 100 % ethanol and mounted
with DPX mounting medium. Images were captured under a light microscope

(Olympus, Japan).

2.2.16. RNA isolation

Total RNA was isolated from hADSC-seeded collagen sponges of all groups
after 21 days of in vitro culture in chondrogenic media and 3 collagen sponges
from each group were pooled for each sample. Collagen sponges were
homogenised using surgical scalpels before TRI-Reagent® was added. Two
consecutive extraction steps using phenol-chloroform were performed. Total
RNA was precipitated for 30 min at -20 < with an equal volume of ice-cold
isopropanol, followed by centrifugation for 30 min at 13,000 g at 4 . RNA
pellets were washed in 75 % ethanol, air dried and resuspended in the Ambion®

RNA Storage Solution (Thermo Fisher Scientific, Ireland) supplemented with
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RiboSafe RNase inhibitor (Bioline, UK) and stored at -80 <C. RNA yield and
purity were determined using a NanoDrop spectrophotometer (Thermo Fisher
Scientific, Ireland). An OD 260/280 value between 1.8 and 2.0 was defined as
pure RNA. RNA integrity was verified by the Agilent 2100 Bioanalyzer
Electrophoresis System (USA). RNA with RNA quality indicator > 8 was
defined as intact RNA.

2.2.17. Quantitative real-time PCR

1 pg of total RNA was reverse-transcribed using iScript™ RT-PCR Supermix
(BioRad, Ireland). 5 ng cDNA per reaction were subsequently analysed by
quantitative PCR using TagMan® Gene Expression Master Mix (Applied
Biosystems, Ireland) and TagMan® PrimeTime Predesigned gPCR assays
(Integrated DNA Technologies, USA) for collagen type I a1 (COL1AT1), collagen
type II al (COL2A1), collagen type III al (COL3Al), collagen type Xal
(COL10A1), aggrecan (ACAN), cartilage oligomeric matrix protein (COMP),
SRY-box 9 (SOX9), hypoxanthine phosphoribosyltransferase 1 (HPRTL),
pumilio homolog 1 (PUM1) and ribosomal protein lateral stalk subunit PO
(RPLPO). Table 2.1 lists the genes and the sequence of their respective primers.
Default amplification conditions were as follows: 50 <C for 2 min, 95 <C for 10
min, followed by 40 cycles of 95 <T for 15 sec and 60 <C for 1 min using Applied
Biosystems (Ireland) StepOnePlus™ Real Time PCR System. Cq values were
analysed using gBase+ (Biogazelle, Belgium) and normalised relative quantities
(NRQs) were calculated by normalising the data to the expression of 3 validated
endogenous control genes (HPRT1, PUM1, RPLPO). Upregulated or
downregulated mRNA expression was defined as a fold change > 2.0, no

difference in mMRNA expression was defined as a fold change < 2.0.
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Table 2.1: Genes and their primer 1 (forward), probe, and primer 2 (reverse) sequences.
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Genes Primer 1 (5'-3") Probe (5'-3") Primer 2 (5'-3")
HPRT1 GTATTC ATT ATA GTC AAG /56-FAM/TGG TGA AAA AGATGG TCAAGG TCG
GGC ATATCC /ZEN/GGA CCC CAC GAA CAAG
GT/3IABKFQ/
PUMI1 GAG CAG CAGAGATGTATC GACCAGGACATTCACAGA GACCAGGACATTCAC
TTCC CAC AGA CAC
RPLPO CAG ACA GACACT GGC AAC /56-FAM/CCT GAA GTG ACATCT CCC CCTTCT
A /ZEN/CTT GAT ATC ACA GAG CCTT
GAA ACT /3IABKFQ/
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COL1Al GGT TGA TTT CTC ATC ATA /56-FAM/AGG AAA CTT CTG GAC AGC CTG GAC
GCC AT JZEN/TGC TCC CCA GCT TTC
GT/3IABKFQ/
COL2AI GTT TTC CAG CTT CAC CAT /56-FAM/TGG GAC CAG CCT CAA GGA TTT CAA
CATC /ZEN/AGA CAC CAG GTT GGC AAT
CA/3IABKFQ/
COL3Al TTGGCATGGTTCTGGCTT /56- CTACTTCTCGCTCTGCTT
FAM/TGGGAACAT/ZEN/CCTC CATC
CTTCAACAGCTTC/3IABKFQ/
COL10A1 GTA CCT TGC TCT CCT CTT /56-FAM/CCA AGA CAC CAT AAAAGG CCC ACT
ACT G /ZEN/AGT TCT TCA TTC CCT ACC CA

ACA CC/31ABKFQ/
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SOX9 CGTTCTTCACCGACT TCC /56-FAM/AAG GGC CGC CTG GGC AAG CTC TGG
TC /ZEN/TTC TCG CTC AG
T/3IABKFQ/
COMP ACAGGCATCCCCTATACCAT /56- GACCAAAAGGACACAG
FAM/ACCCAACTC/ZEN/AGAC ACCA
CAGAAGGACAGT/31ABKFQ/
ACAN AGATTC ACA GAA CTC CAG /56-FAM/CGA AGA ACA ACC TAC GAT GTC TAC
TGC /ZEN/CCT CCC CCT CAA GTC TGCTTIT G

/3IABKFQ/
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2.2.18. Statistical analysis

Numerical data are expressed as mean =standard deviation. Statistical analysis
was performed using SPSS Statistics (USA). Analysis was performed using One-
way analysis of variance (ANOVA) for multiple comparisons and 2-sample t-
test for pair wise comparisons after confirming the following assumptions of
parametric analysis: the distribution from which each of the samples was derived
was normal (Shapiro-Wilk normality test) and the variances of the population of
the samples were equal to one another (Levene’s test for equal variances).
Nonparametric statistics were used when either or both of the above assumptions
were violated and consequently Kruskal-Wallis test for multiple comparisons or
Mann-Whitney test for 2-samples were carried out. Statistical significance was
accepted at p < 0.05.
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2.3. Results

2.3.1. Purity assessment

SDS-PAGE (Figure 2.1) revealed a typical electrophoretic mobility of collagen
type II, although collagen type I (presence of a2 chain) contamination was
evidenced in tracheal and auricular cartilage preparations. No clear differences
were observed as a function of biological sex.

STD I STDII MARC FARC MTRC FTRC MAUC FAUC

= B | B e

Y~ [ S ]

« e O -----—-.-

a2 . ¢

Figure 2.1: SDS-PAGE analysis of collagen preparations extracted from porcine
cartilage tissues. SDS-PAGE analysis made apparent that purified collagen type
Il was extracted from articular cartilage tissues, but some collagen type |
impurities were evidenced in tracheal and auricular cartilage preparations. STD
I: Standard collagen type I. STD II: Standard collagen type Il. MARC: Male
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articular cartilage. FARC: Female articular cartilage. MTRC: Male tracheal
cartilage. FTRC: Female tracheal cartilage. MAUC: Male auricular cartilage.

FAUC: Female auricular cartilage.

73



Chapter 2

2.3.2. Ultrastructural assessment

All materials exhibited a porous structure, as revealed by SEM analysis, and
subsequent quantitative pore size and porosity analyses of the produced sponges
revealed no apparent differences (p > 0.05) as function of tissue, biological sex
and crosslinking (Figure 2.2).
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1

-PEG-4SG +PEG-4SG

94.09  19.61 pm 99.89+2358ym |  88.99+20.74 ym 105.08 2219 m
87.46+3.92 % 91.08£275% | 88.42+260% 89.15+2.42 %
88.89 + 24.61 pm 99.45+21.74pm | 90.44%22.79 pm 110.15 £ 27.73 pm
89.42£3.27% 80.31£410% | 907£173% 90.09 + 2.86 %

FAUC
94.05  15.49 pm 93.95£2354pm | 10437 £31.96 um 92.92 + 26.96 pm
87.40+1.58 % 8668£300% | 87.94%207% 87514457 %

Figure 2.2: SEM and complementary pore size (um) and porosity (%) analyses of the produced scaffolds. The analyses did not reveal

any significant (p > 0.05) differences between the produced scaffolds. MARC: Male articular cartilage. FARC: Female articular cartilage.
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MTRC: Male tracheal cartilage. FTRC: Female tracheal cartilage. MAUC: Male auricular cartilage. FAUC: Female auricular cartilage.
-PEG-4SG: No crosslinked groups. +PEG-4SG: Crosslinked groups.
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2.3.3. Biomechanical assessment

Biomechanical assessment (Table 2.2) made apparent that among non-
crosslinked and crosslinked groups, the MARC and FARC groups exhibited
higher (p < 0.005) compression stress and elastic modulus, whilst no significant
(p > 0.05) differences were observed as a function of biological sex within a
tissue group. Crosslinking significantly (p < 0.005) increased the compression

stress and elastic modulus in all groups.

2.3.4. Thermal properties assessment

DSC analysis (Table 2.2) revealed that crosslinked samples exhibited
significantly (p < 0.005) higher denaturation temperature than their non-
crosslinked counterparts and that no significant (p > 0.05) differences in
denaturation temperature were observed as a function of tissue and biological sex

within the non-crosslinked and crosslinked groups.

2.3.5. Free amines assessment

Free amine quantification (Table 2.2) revealed that within the male and female
non-crosslinked and crosslinked groups, the MARC and FARC groups,
respectively, had the highest (p < 0.0005) % of free amines. Crosslinking
significantly (p < 0.005) reduced the % of free amines of each group. Within a
tissue, no significant (p > 0.05) differences were observed in free amines as a

function of biological sex.
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Table 2.2: Mechanical properties, denaturation temperature and free amine content of the produced scaffolds as a function of tissue,
biological sex and crosslinking. Among the non-crosslinked and crosslinked groups, the MARC and FARC groups exhibited higher (p
< 0.005) compression stress and elastic modulus, whilst no significant (p > 0.05) differences were observed as a function of biological
sex within a tissue group. Crosslinking significantly (p < 0.005) increased the compression stress and elastic modulus in all groups.
Crosslinking significantly (p < 0.005) increased the denaturation temperature of each group and no differences (p > 0.05) in denaturation
temperature were observed as a function of tissue and biological sex within the non-crosslinked and crosslinked groups. Articular
cartilage groups (p < 0.0005) and non-crosslinked groups (p < 0.005) exhibited significantly higher % of free amines than their
respectively counterparts. MARC: Male articular cartilage. FARC: Female articular cartilage. MTRC: Male tracheal cartilage. FTRC:
Female tracheal cartilage. MAUC: Male auricular cartilage. FAUC: Female auricular cartilage. -PEG-4SG: No crosslinked groups.
+PEG-4SG: Crosslinked groups.
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MARC FARC MTRC FTRC MAUC FAUC

-PEG- +PEG- -PEG- +PEG- -PEG- +PEG- -PEG- +PEG- -PEG- +PEG- -PEG- +PEG-
4SG  4SG  4SG  4SG  4SG  4SG  4SG  4SG  4SG  4SG  4SG  4SG

Stress (kPa) 238+ 476+ 255+ 475+ 143+ 341+ 159+ 344+ 164* 328+ 169+ 336+
0.26 0.5 0.21 0.37 0.4 0.61 0.08 0.42 0.21 0.31 0.22 0.28

Modulus 789+ 1575+ 841+ 1567+ 478+ 1124+ 525+ 1135+ 543+ 1083+ 558+ 11.07=+
(kPa) 0.83 1.71 0.76 1.17 1.34 2.03 0.28 1.43 0.69 1.00 0.69 0.97

Denaturation 46.68 54.27+ 46.34 53.74% 4743 5355* 4718 5344% 4710 5426+ 4658 53.96=*
Temperature =0.19 1.52 +0.63 060 *0.72 1.11 +0.84 1.72 +0.73  0.95 +0.22 0.41
(°C)

Free Amines 1067 7.43% 1167 659%* 6.79* 490%* 6.79+ 483%x 684+ 525+ 698+ 493k
(%) +064 029 069 0.98 0.16 0.25 0.32 0.34 0.37 0.55 0.44 0.19
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2.3.6. Resistance to enzymatic degradation assessment

Collagenase digestion analysis (Figure 2.3) revealed that all non-crosslinked
samples were completely degraded (< 3 % remaining mass) within 12 h of
collagenase digestion, whilst crosslinked samples were more resistant to
collagenase digestion (~ 30 % remaining mass after 24 h of collagenase
digestion). Within the non-crosslinked male and female groups, the MARC and
FARC groups were significantly (p < 0.0005) more resistant to collagenase
digestion than the MTRC and MAUC and FTRC and FAUC groups, respectively,
for the first 6 h. Within non-crosslinked tissues, no significant (p > 0.05)
differences in susceptibility to collagenase digestion were observed as a function
of biological sex. Within the crosslinked male and female groups, the MARC and
FARC groups were significantly (p < 0.005) more resistant to collagenase
digestion than the MTRC and MAUC and FTRC and FAUC groups, respectively,
for the first 3 h. Crosslinking significantly (p < 0.0005) increased the resistance

to collagenase digestion of each group.
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Figure 2.3: Resistance to collagenase digestion analysis of the produced
scaffolds. Non-crosslinked male and female articular cartilage scaffolds were
significantly (p < 0.0005) more resistant to enzymatic degradation than the
MTRC and MAUC and FTRC and FAUC groups, respectively, for the first 6 h.
No significant (p > 0.05) differences in susceptibility to collagenase digestion
were observed as a function of biological sex within non-crosslinked tissues.
Crosslinked groups MARC and FARC groups were significantly (p < 0.005)
more resistant to collagenase digestion than the MTRC and MAUC and FTRC
and FAUC groups, respectively, for the first 3 h. Crosslinking significantly (p <
0.0005) increased the resistance to collagenase digestion of each group. MARC:
Male articular cartilage. FARC: Female articular cartilage. MTRC: Male tracheal
cartilage. FTRC: Female tracheal cartilage. MAUC: Male auricular cartilage.
FAUC: Female auricular cartilage. -PEG-4SG: Non-crosslinked groups. +PEG-
4SG: Crosslinked groups.
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2.3.7. Basic cellular function assessment

Cell viability (Figure 2.4A), DNA concentration (Figure 2.4B) and metabolic
activity (Figure 2.4C) analyses indicated that all scaffolds equally (p > 0.05)
supported hADSCs attachment, proliferation and growth up to 21 days in culture
(longest timepoint assessed) independently of the tissue and the biological sex.
Qualitative cell infiltration and ECM synthesis analysis via H&E staining
(Figure 2.4D) revealed a homogeneous cell distribution throughout the scaffolds
and increased ECM synthesis as a function of time in culture independently of

the tissue and the biological sex.
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Figure 2.4: hADSC viability (A), DNA concentration (B), metabolic activity (C) and infiltration and ECM synthesis (D) as a function
of tissue and biological sex for up to 21 days in culture (longest timepoint assessed). No apparent differences (p > 0.05) were detected.
TCP: Tissue culture plastic. D: Day. MARC: Male articular cartilage. FARC: Female articular cartilage. MTRC: Male tracheal cartilage.

FTRC: Female tracheal cartilage. MAUC: Male auricular cartilage. FAUC: Female auricular cartilage.
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2.3.8. Chondrogenic potential assessment

Alcian blue staining (Figure 2.5A) and sGAG quantification (Figure 2.5B)
revealed no differences (p > 0.05) as a function of biological sex at any timepoint,
but a significant (p < 0.0005) increase in SGAG content from day 14 to day 21
for all groups, with the articular cartilage derived scaffolds to induce the highest
(p < 0.0005) increase.
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A MARC FARC MTRC FTRC MAUC FAUC

D7 Sponge

D14

sGAG production ug per pug
DNA

Figure 2.5: Alcian blue staining (A) and SGAG quantification (B) analyses as a
function of tissue and biological sex for up to 21 days in culture. The analyses
revealed that the articular cartilage derived scaffolds induce the highest (p <
0.0005; indicated with * in the graph) increase in SGAG content at day 14 and
day 21. TCP: Tissue culture plastic. D: Day. MARC: Male articular cartilage.
FARC: Female articular cartilage. MTRC: Male tracheal cartilage. FTRC:
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Female tracheal cartilage. MAUC: Male auricular cartilage. FAUC: Female

auricular cartilage.
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Gene expression analysis after 21 days of chondrogenic induction (Figure 2.6)
revealed no differences (fold change < 2.0) in COL1A1, COL3A1, COL10Al
and COMP mRNA levels between the experimental groups and all experimental
groups showed higher (fold change > 2.0) COL3A1, COL10A1 and COMP
MRNA levels than TCP. With respect to SOX9 mRNA levels, the male articular
cartilage showed higher (fold change > 2.0) SOX9 mRNA expression compared
to the female tracheal cartilage and all experimental groups showed higher (fold
change > 2.0) SOX9 mRNA levels than TCP. Both male and female articular
cartilage derived scaffolds exhibited higher (fold change > 2.0) ACAN mRNA
expression compared to the female auricular cartilage scaffolds and the female
articular cartilage scaffolds showed higher (fold change > 2.0) ACAN mRNA
expression than male and female tracheal cartilage scaffolds and TCP. COL2A1
expression was only detected in male articular cartilage, female tracheal cartilage
and female auricular cartilage groups and among them, the male articular
cartilage derived scaffolds showed the highest (fold change > 2.0) mRNA
expression of COL2A1.
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Figure 2.6: Gene expression analysis after 21 days of chondrogenic induction.
The analysis revealed no difference (fold change < 2.0) in COL1A1, COL3Al,
COL10A1 and COMP mRNA levels between the experimental groups. The male
articular cartilage scaffold induced higher (fold change > 2.0) SOX9 expression

than the female tracheal cartilage scaffold. The female articular cartilage
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scaffolds exhibited higher (fold change >2.0) ACAN mRNA expression than the
male and female tracheal and female auricular cartilage scaffolds. The male
articular cartilage scaffolds exhibited the highest (fold change > 2.0) COL2A1
MRNA expression. TCP: Tissue culture plastic. MARC: Male articular cartilage.
FARC: Female articular cartilage. MTRC: Male tracheal cartilage. FTRC:
Female tracheal cartilage. MAUC: Male auricular cartilage. FAUC: Female

auricular cartilage.
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2.4. Discussion

Among the various natural and synthetic materials available for scaffold
fabrication for cartilage repair and regeneration, collagen type Il has shown great
potential, considering that it is the main ECM component of cartilage (51) and
collagen type Il derived scaffolds have been shown to maintain chondrocyte
phenotype (52, 53), to drive stem cells towards chondrogenic lineage (54, 55)
and to induce hyaline cartilage in preclinical models (30, 56). Considering though
the batch-to-batch variability of animal extracted biomolecules, it is imperative
to standardise the process for consistency purposes. To this end, herein, we
assessed the influence of biological sex (male, female), tissue (articular, tracheal,
auricular) and crosslinking (no crosslinked and 4-arm polyethylene glycol
succinimidyl glutarate crosslinked) on the biophysical, biochemical and

biological properties of pepsin extracted porcine collagen type Il scaffolds.

Pure collagen type Il was extracted from male and female articular cartilage, as
evidenced by a typical collagen type Il electrophoretic mobility, corresponding
to three al1(Il) chains as has been shown before from various articular cartilage
collagen type Il preparations (28, 57-59). In contrast, collagen extracted from
male and female tracheal and auricular cartilage presented a mixture of collagen
type I and collagen type II collagen, shown by the presence of a2(I) chain of
collagen type | (60, 61). Type | collagen contamination most probably resulted
from the perichondrium surrounding tracheal and auricular cartilage, but not

articular cartilage, which mainly consists of collagen type I (62).

Cartilage tissue source, biological sex and crosslinking did not significantly
affect the macrostructure of the fabricated collagen type Il scaffolds. All
scaffolds had pore size and porosity range of 80-110 pm and 80-95 %,
respectively, that has been shown to induce chondrogenic differentiation in

human stem cell cultures (63-65).

Collagen scaffolds from male and female articular cartilage exhibited
significantly higher stress and modulus values than their tracheal and auricular

cartilage counterparts, with no significant differences as a function of biological
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sex. This can be explained considering the mechanical properties of the tissue
from which collagen was extracted from (modulus of porcine articular cartilage
7.2 MPa (66), tracheal cartilage 1.78 MPa (67), auricular cartilage 0.25 MPa (68))
and therefore our data suggest that collagen may retain tissue memory. It is worth
noting that a previous publication showed that the addition of collagen type Il to
collagen type I gels significantly decreased their stiffness, but this was attributed
to the reduction of the total collagen in the system (69), as opposed to the
difference in mechanical properties between the different collagen types (it is
also worth noting that the collagen type | was from rat tail tendon and the
collagen type Il was chicken sterna and therefore direct comparison cannot be
conducted). In accordance with previous publications (70), crosslinking
significantly increases the mechanical properties of the produced collagen

sponges.

Collagen extracted from porcine male and female articular, tracheal and auricular
cartilage exhibited comparable denaturation temperatures of approximately 47
€, indicating that thermal stability is independent of tissue source and biological
sex and crosslinking increased the denaturation temperature of all scaffolds to
approximately 54 <€. Previous studies have shown similar denaturation
temperature values for non-crosslinked collagen type Il scaffolds (71, 72). The
observed increase in denaturation temperature as a function of crosslinking is

also well established in the literature for collagen type Il scaffolds (71).

With respect to free amine content and resistance to collagenase digestion of the
non-crosslinked collagen type Il scaffolds, no differences were observed as
function of biological sex within the different tissues and among the different
tissues, the articular cartilage derived collagen type 1l scaffolds (the male within
the male and the female within the female groups of the different tissues) had the
highest free amine content and resistance to collagenase digestion. Obviously,
these observations are rather contradictory, considering that higher free amine
content is associated with less crosslinking and lower resistance to enzymatic

degradation (73). As the tissues were from the same animals and the same
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extraction and freeze-drying protocols were used for all groups, we rule out the
age of the animals and the process, which can affect the crosslinking density (40,
74). We therefore speculate that the remnant collagen type I in the tracheal and
auricular cartilage preparations may be the reason for these unusual results;
possibly electrostatic interactions between collagen type | and collagen type Il
reduced the free amines, without affecting the mechanical properties. The
observed differences were diminished under crosslinking and, in accordance to
previous works (75), crosslinking increased the resistance to collagenase

degradation and reduced the free amine content.

Biological analysis using hADSCs did not reveal any differences as a function of
tissue origin, biological sex and crosslinking, which in agreement with previous
publications that have been shown collagen type Il scaffolds to support
physiological cell growth (76) and 4-arm polyethylene glycol succinimidyl
glutarate to be cytocompatible (43). Histological analysis also demonstrated
equal cell and ECM distribution throughout the scaffolds independently of the
tissue and the biological sex of the extracted collagen, further confirming that the
pore size and porosity were suitable to allow cell migration and colonisation, as
has been shown before (71). Similarly to mechanical properties, Alcian blue
staining and sGAG quantification revealed a tissue (but not biological sex)
dependent chondrogenesis. Specifically, both male and female articular cartilage
sponges were significantly more chondrogenic than their tracheal and auricular
cartilage counterparts. This can be attributed to the lack of collagen type I in the
articular cartilage derived sponges. To substantiate this one should consider that
a previous study has shown that collagen type | / collagen type Il blends (3 to 1
ratio) had greater chondrogenic potential than pure collagen type | scaffolds (77)
and other studies have shown higher chondrogenic potential of collagen type Il
scaffolds as opposed to collagen type | scaffolds in human bone marrow stem
cells (54), bovine meniscus cells (78) and canine chondrocytes (52). With respect
to gene analysis, in general all collagen scaffolds were significantly more
chondrogenic than the TCP, which can be attributed to their (three-)
dimensionality; it is after all well established in the field the need of a three-
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dimensional environment for effective chondrogenic induction (79, 80). Between
the groups, no differences were observed in mMRNA levels of COL1A1, COL3A1,
COL10A1 and COMP. It is interesting to note that male articular cartilage
sponges induced higher SOX9 mRNA expression that female tracheal cartilage
sponges, female articular cartilage sponges induced the highest ACAN mRNA
expression and the male articular cartilage sponges induced the highest COL2A1
MRNA expression. Although it is clear that the male cartilage sponges follow the
same trend as the mechanical properties and the histology with respect to tissue
memory, we are not clear why the female articular cartilage sponges did not also
follow the same trend with respect to COL2AL. One possible explanation could
be the endpoint; although 21 days are traditionally used for chondrogenesis (81-
83), other studies advocate longer timepoints to engineer mature cartilage-like
tissue (e.g. 28 days (84-87), 42 days (88), 49 days (89), 56 days (90, 91), 84 days

(92)). Of course, the high variability between donors cannot be excluded.

One should also note that despite the positive data that have been obtained over
the years with collagen type Il scaffolds, their commercialisation has been
jeopardised by early studies that showed injections of native collagen type II
from human, chick, murine and bovine cartilage to induce inflammatory arthritis
in rats (93-95); native collagen type Il from foetal bovine cartilage to induce
arthritis in non-human primates (96); and antibodies of native and denatured
collagen type Il to be present in patients with early rheumatoid arthritis and
chronic gouty arthritis (97-99). However, it has been shown that effectively
crosslinked collagen type 11, even from bovine nasal septal cartilage, does not
induce arthritis in rats (100). Porcine collagen type 1l may be the ideal scaffold
material for cartilage engineering, as per os administered porcine collagen type
Il has been shown to reduce pain in a rat osteoarthritis model (101) and porcine
collagen type Il scaffolds have been shown to maintain chondrogenic phenotype
of rabbit (102), human (103) and ovine chondrocytes (104) and to promote the
formation of neocartilage (105). Based on data obtained from this study and
previous studies of our groups with collagen type I, we feel that pepsin extracted
(40) and 4-arm polyethylene glycol succinimidyl glutarate (42) stabilised
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articular cartilage derived collagen type Il devices will have reduced
immunogenicity and appropriate mechanical resilience, cytocompatibility and

chondrogenic potential for cartilage engineering.
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2.5. Conclusions

The use of collagen type 11 scaffolds for cartilage engineering has been supported,
considering that cartilage is primarily comprised of collagen type Il. As animal-
derived products are of high variability, it is imperative to identify suitable
collagen type Il sources. This study suggests an extracted collagen type Il
memory of the tissue from which it was extracted. Specifically, our data advocate
the use of male / female articular cartilage (as opposed to tracheal and auricular
cartilage) derived collagen type Il scaffolds for cartilage engineering applications,
as judged by resistance to enzymatic degradation, biomechanical properties and

chondrogenic differentiation potential.
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3.1. Introduction

The absence of blood vessels, lymphatics and nerves renders cartilage with
limited intrinsic healing capacity. Chondral and osteochondral lesions, caused by
injury or osteoarthritis, generally lead to the degeneration of articular cartilage
and formation of mechanically inferior scar tissue, ultimately resulting in
progressive total joint destruction. It is predicted that by 2050, over 40 million
people will be severely disabled because of osteoarthritis (OA) and over 130
million people will be suffering from OA worldwide (1). The complexity of
current treatments (e.g. multiple drilling, abrasion arthroplasty, mosaicplasty and
autologous chondrocyte implantation) has driven the development of scaffold-
assisted cell implantation, assuming that the scaffold will be able to provide
mechanical stability and promote chondrogenesis. Mammalian collagen (type |
(2, 3), type Il (4, 5), or combination thereof (6, 7)) derived scaffolds are used
extensively in cartilage engineering, with variable degree of efficiency (8, 9).
Further, extensive use of antibiotics, religious tenets and the potential for
interspecies disease transmission restrict their use, hence imposing the need for
alternative, yet commercially relevant, collagen sources (10, 11). In this regard,
marine species derived collagen offers an opportunity as a safe, sustainable and
environmentally friendly alternative to mammalian species derived collagen (12,
13).

Collagen type I/11 sponges from jellyfish (Rhopilema esculentum) and hydrogels
from jellyfish (Rhizostoma pulmo) have been shown to maintain human, bovine
and rat nasal chondrocyte phenotype (14, 15) and to induce chondrogenic
differentiation of human mesenchymal stem cells (16, 17). Considering though
that collagen type Il scaffolds are more chondrogenic than collagen type |
scaffolds (18-20), it is imperative to develop pure collagen type Il preparations
and assess their potential for cartilage engineering. In this frontier, the only two
studies available have demonstrated proof of principle. Specifically, collagen
type Il from Peru squid (Dosidicus gigas) has been shown to suppress pro-
inflammatory macrophage phenotype, to prevent hypertrophic chondrocyte
phenotype and to alleviate inflammation in an OA rat model (21). Further, oral
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administration of collagen type Il from blue shark (Prionace glauca) has been
reported to facilitate recovery of articular membranes in the ankle joint and to
suppress rheumatoid arthritis in a complete Freund’s adjuvant-induced
rheumatoid arthritis rat model (22). A systematic study is therefore required to

identify marine species for collagen type Il extraction for cartilage engineering.

Considering the above, herein we selected to work with chondrichthyes, which
are a diverse group of cartilaginous fish (e.g. sharks, skates, rays and chimaeras
(23)) that lack true bone and exhibit a skeleton solely comprised of unmineralized
cartilage, predominantly built of collagen type Il (24, 25), which is the main
extracellular matrix (ECM) component of cartilage (26, 27). It is also worth
noting that the chondrichthyes used in this study are considered non-kosher fish.
Due to Torah prohibitions, non-kosher fish is recognised as religiously taboo for
some populations, for example, Twelver Shia Islam and Judaism. As a result,
caution should be paid when commercialising chondrichthyes-derived collagen
type Il biomaterials. Collagen was extracted from four chondrichthyes [lesser
spotted dogfish (Scyliorhinus canicula), thorn back ray (Raja clavata), cuckoo
ray (Leucoraja naevus) and blonde ray (Raja brachyuran)] using the acid/pepsin
treatment that increases yield and reduces immune response (28-30).
Subsequently, collagen sponges were fabricated and crosslinked with 4-arm
poly(ethylene glycol) succinimidyl glutarate that has a well-established
cytocompatible stabilisation capacity (31, 32). The biophysical, biochemical and
biological properties of the produced sponges were then assessed.

111



Chapter 3

3.2. Materials and Methods
3.2.1. Materials

All chemicals were of analytical grade. Fish products (lesser spotted dogfish
(LSD), thorn back ray (TBR), cuckoo ray (CR), blonde ray (BR)) were provided
from the Marine Institute (Galway, Ireland). All tissue samples were obtained
fresh and stored at -20 <€ until further process. 4-arm polyethylene glycol (PEG)
succinimidyl glutarate (4SG, Mw 10,000) was purchased from JenKem
Technology (USA). All other materials and reagents were purchased from

Sigma-Aldrich (Ireland), unless otherwise stated.

3.2.2. Collagen type 11 extraction and purification

The cleavage of the N- and C- terminal regions of the collagen molecules was
achieved by enzymatic digestion with pepsin (3,200-4,500 units per mg protein,
cat. no. P6887). Fish products were thawed and washed thoroughly under
running tap water. Cartilage was manually dissected from surrounding tissue
using a surgical scalpel, followed by treatment with 0.2 M NaOH for 12 h and
subsequently three washes with absolute ethanol. Cartilage samples were then
cut into small pieces, homogenised in liquid nitrogen using a CryoMill (SPEX
SamplePrep 6870, Germany) and suspended in 1 M acetic acid at tissue to 1 M
acetic acid ratio of 1 to 1 (g/l) under stirring for 48 h at 4 €. Then pepsin was
added at tissue to pepsin ratio of 10 to 1 (w/w) at room temperature and the
solutions were kept under constant stirring for 48 h at 4 €. The collagen
solutions were filtered through a sieve (approximately 1,000 um in diameter) and
a filter mesh (100 um in diameter); insoluble matter was discarded. Purified acid
soluble collagen solutions were obtained after repeated (twice) salt precipitation
(0.9 M NacCl) / centrifugation (20 min, 8,000 rpm, 4-8 <€€). Supernatants were
discarded and precipitates were dissolved in 1 M acetic acid. The precipitates
from the second salt precipitation were dissolved in minimum amount of 1 M

acetic acid to obtain highly concentrated collagen solutions, which were
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repeatedly dialysed against 0.001 mM acetic acid for 48 h at 4 € and then stored
at 4 € until use.

3.2.3. Sodium dodecyl sulphate poly-acrylamide gel electrophoresis

To assess the purity of the extracted collagen from the various tissues, sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) under non-
reducing conditions was conducted using a Mini-Protean 3 electrophoresis
system (Bio-Rad Laboratories, UK) (33). 3 % stacking gel and 5 % separation
gel were used. Collagen samples were freeze dried (FreeZone Plus 4.5 Liter
Console Freeze Dry System, Labconco, USA) and then dissolved at 1 mg/ml
concentration in 0.5 M acetic acid. Collagen solutions were neutralised with 1 N
NaOH, followed by the addition of 5x sample buffer (bromophenol blue / SDS).
The sample-buffer mixture was heated at 95 <€ for 5 min and a 10 | aliquot of
the mixture was loaded onto each well of the stacking gel. High purity soluble
collagen type | (Symatese, France) was used as negative control and soluble
collagen type Il isolated from chicken sternal cartilage (C9301, Sigma-Aldrich)
was used as positive control, both at 1 mg/ml concentration in 0.5 M acetic acid.
Electrophoresis was carried out by first applying 50 V constant voltage until the
samples reached the end of the stacking gel (~ 30 min) and then 120 V constant
voltage was applied until the samples reached the end of the separation gel (~ 60
min). The gels were stained with the silver staining kit (SilverQuest™, Invitrogen,

USA) according to the manufacturer’s protocol.

3.2.4. Scaffold fabrication and physicochemical properties assessment

Collagen type Il preparations were freeze dried, re-dissolved in 0.05 M acetic
acid to form solutions of 5 mg/ml, crosslinked with 1 mM PEG-4SG in phosphate
buffered saline (PBS) and frozen at -80 €€ for 12 h. Non-crosslinked collagens
were prepared using PBS only. Frozen solutions were freeze dried to obtain
collagen type Il sponges. All the collagens were produced on the same day and

under the same freeze-drying conditions. The produced scaffolds were subjected
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to ultrastructural (34), biomechanical (35), denaturation temperature (36), free

amine content (33) and resistance to enzymatic degradation (37) analyses.

3.2.5. Ultrastructural assessment

Collagen sponges were sectioned in the dry state to expose the inner porous
structure, mounted onto a carbon disk, gold sputter coated (Emitech K-550X
Sputter Coater, Emitech, UK) and imaged with a Hitachi S-4700 scanning
electron microscope (SEM, Hitachi, High-Technologies Europe GmbH,
Germany). Three micrographs of different areas were obtained from each
collagen sponge and the average pore size and porosity of non-crosslinked and
crosslinked collagen sponges were determined using ImageJ software (NIH,
USA). The images were binarised using thresholding procedure, a window
showing pore size distribution was emerged and 80-100 pores were measured per
image. The average pore size and porosity were assessed after proper
thresholding (34).

3.2.6. Biomechanical assessment

The mechanical properties of the collagen sponges were assessed via uniaxial
compression using a material testing machine (Z2.5, Zwick/Roell, Germany)
loaded with a 10 N load cell. Uniaxial constant loading was performed on dry
collagen sponges with approximately 4 mm in height and 9 mm in diameter.
Scaffolds were placed between two loading cells and compressed until 70 %
deformation was reached, with a compression rate of 10 mm/min. Force, strain
and elastic modulus were determined by plotting stress versus strain curves. Both
compression strength and elastic modulus were determined within the linear area
of the curves at the position of 30 % deformation and elastic modulus was
calculated using the linear equation of trend-lines at the position of 30 % of the
deformation (35).
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3.2.7. Denaturation temperature assessment

The denaturation temperature of collagen sponges was assessed using a
differential scanning calorimeter (DSC-60, Shimadzu, Japan) in wet state (36).
In brief, collagen sponges were hydrated in 1x PBS for 12 h at 4 <C. The samples
were then blotted with filter paper to remove excess PBS and hermetically sealed
in aluminium crucibles. Collagen samples of 10-15 mg were used for DSC
analysis. An empty aluminium crucible was used as reference. Heating was
carried out at a constant temperature ramp of 10 <T/min with a temperature range
of 20-100 <C. Thermal denaturation, the endothermic transition, was recorded as
typical peak and the peak (temperature of maximum power absorption during

denaturation) temperature was recorded.

3.2.8. Free amine content assessment

Crosslinking efficiency was quantified using the 2,4,6-trinitrobenzene sulfonic
acid (TNBSA) assay (Thermo Fisher Scientific, Ireland) (33). Collagen free
amine groups react with TNBSA to form highly chromogenic derivatives that
can be measured at 335 nm. Briefly, collagen sponges (~ 3 mg) were incubated
with TNBSA at 37 <€ for 2 h. The reaction was stopped by adding 10 % SDS
and 1 M HCI. The mixtures were subsequently heated at 95 € for 15 min in
order to hydrolyse the collagen samples. The absorbance of each sample was read
at 335 nm (Varioskan Flash Multimode Reader, Thermo Fisher Scientific,
Ireland) and values were normalised to the standard curve, which was generated
with a series of a known glycine solution at different concentrations (0.005, 0.01,
0.02, 0.03, 0.04 and 0.05 mg/ml).

3.2.9. Resistance to enzymatic degradation assessment

Enzymatic stability of the collagen sponges was quantified with the collagenase
assay (37). Briefly, collagen sponges were weighed and hydrated for 2 h in 0.1
M Tris-HCI and 50 mM CaCl; at pH 7.4. The sponges were then incubated in 50
U/ml bacterial collagenase type 1l (MMP-8; Gibco, cat. no. 17101-015, Ireland).
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After incubation at different time points (3 h, 6 h, 9 h, 12 h and 24 h) at 37 <C,
centrifugation was carried out at 10,000 g for 5 min, the supernatants were
discarded and the remaining collagen sponges were freeze dried and weighed.
The degree of enzymatic degradation was quantified using the weight difference
approach [(Wo-Wt)/ Wo] x 100, where Wo is the original weight and Wt is the

remaining weight.

3.2.10. Cell culture and scaffolds’ basic cellular function assessment

Human adipose derived stem cells (hADSCs) from a female healthy donor (cat.
no. PT-5006) were purchased from Lonza (Switzerland) and cultured in alpha
Minimum Essential Medium (a-MEM) with GlutaMAX™ (Gibco Life
Technologies, Ireland) supplemented with 10 % foetal bovine serum and 1 %
penicillin-streptomycin at 37 € in 95 % humidified atmosphere of 5 % CO». At
passages 5, cells were resuspended in fresh medium and 100 i of cell suspension
was seeded onto each collagen sponge at a density of 200,000 cells/sponge. As a
negative control group, human adipose derived stem cells were cultured on tissue
culture plastic (TCP) at 50,000 cells/cm?. Cells were left to attach to the sponge
for 2 h before the expansion medium was added. Expansion medium was
changed to chondrogenic induction medium the next day to allow for the cells to
attach and spread evenly throughout the scaffold. Media were changed every 2
days. The chondrogenic induction medium was composed of high glucose
Dulbecco's Modified Eagle's medium (DMEM), 100 nM dexamethasone, 50
mg/ml bovine serum albumin, 50 pg/ml ascorbic acid-2-phosphate, 5 ml insulin-
transferrin-selenium (ITS) liquid media supplement, 10 ng/ml transforming
growth factor betta 3 (TGF-$3, R&D Systems, USA). Cell viability, proliferation
and metabolic activity were assessed after 7, 14 and 21 days in culture. Cell
infiltration and ECM synthesis analyses were conducted at the same timepoints,

following cryosectioning and haematoxylin and eosin (H&E) staining.
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3.2.11. Cell viability assessment

Cell viability was analysed using the Live/Dead® assay (Life Technologies,
Ireland) as per manufacturer’s protocol. Briefly, at the end of each timepoint, the
collagen sponges were washed three times with Hanks’ balanced salt solution
(HBSS) and incubated with calcein AM and ethidium homodimer 1 solution (4
MM calcein-AM and 2 M ethdium homodimer-1) in HBSS at 37 <€, 5 % CO»
and 95 % relative humidity for 30 min. The collagen sponges were washed with
fresh HBSS to remove excess dye. Subsequently, images were acquired using a
Fluoroview 1000 confocal laser microscope (FV1000 Shackelton, Olympus,
Japan). Live (green) and dead (red) cells were analysed using ImageJ Software
(NIH, USA).

3.2.12. Cell proliferation assessment

Cell proliferation was assessed using the Quant-iT™ PicoGreen® dsDNA kit
(Invitrogen, USA), according to the manufacturer’s guidelines. Collagen sponges
were washed three times with HBSS at the end of each timepoint, 200 4 DNase
free water was added and frozen at -80 <€ until analysis. Collagen sponges were
freeze thawed at least three times in order to lyse the cells. Subsequently,
PicoGreen® working solution was added to the collagen sponges and incubated
at room temperature for 5-10 min, protected from light. Fluorescence was
measured at excitation and emission wavelengths of 480 nm and 520 nm using a
Varioskan™ Flash Multimode Reader (Thermo Fisher Scientific, Ireland). The
obtained values were normalised to the standard curve, which has been generated
with a series of known DNA stock solutions at different concentrations (0, 5, 10,
25, 50, 100, 500 and 1,000 ng/ml).

3.2.13. Cell metabolic activity assessment
Cell metabolic activity was analysed using an alamarBlue® assay (Invitrogen,

USA), as per manufacturer’s protocol. Briefly, collagen sponges were washed
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three times with HBSS at the end of each time point, 10 % alamarBlue® was
added to each collagen sponge and incubated at 37 €, 5 % CO, and 95 % relative
humidity for 3 h. Absorbance was measured at 570 nm and 600 nm using a

Varioskan™ Flash Multimode Reader (Thermo Fisher Scientific, Ireland).

3.2.14. Histology assessment

Collagen sponges were collected at each time point, washed with 1x PBS and
immersion-fixed with 4 % paraformaldehyde for 30 min at room temperature.
Collagen sponges were washed with 1x PBS and cryoprotected in PBS
containing 15 % and 30 % sucrose, consecutively. Collagen sponges were
embedded in optimal cutting temperature (OCT) compound (Tissue-Tek, USA)
and cryo-sectioned using a Cryostat (Leica, CM1850, Germany). Serial sections
of 5-10 m in thickness were collected on adhesion glass slides (Superfrost Plus,
Thermo Fisher Scientific, Austria), air-dried for 1 h at room temperature and
stored at -20 <C until further processing. Sections were stained using
haematoxylin and eosin (H&E) stain. Nuclei were stained with Mayer’s
Haemalum solution (Carl Roth, Germany) for 5 min, slides were washed in 0.5 %
hydrogen chloride-ethanol solution to destain the connective tissue and
subsequently rinsed in 1 % acetic acid to stop the staining reaction. Samples were
washed with running tap water for 10 min and sections were counterstained with
an alcoholic Eosin Y solution (50 % of ethanol and 0.15 % of eosin) for 30 sec.
After rinsing in 1 % acetic acid, samples were dehydrated through graded ethanol
and xylene and mounted with distyrene-dibutyl phthalate-xylene (DPX)
mounting medium. Images were captured under a light microscope (Olympus,

Japan) and analysed using ImageJ Software (NIH, USA).

3.2.15. Scaffolds’ chondrogenic potential assessment (sulphated
glycosaminoglycan assessment)
The amount of sulphated glycosaminoglycans (SGAG) produced by the hADSCs

was qualitatively assessed via Alcian blue staining and quantitatively assessed
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via the Blyscan™ sGAG (Biocolor, UK) assay kit. For the Alcian blue staining,
serial sections of collagen sponges were stained with 3 % Alcian blue staining
solution for 30 min, followed by a rinse in 1 % acetic acid and then
counterstained with nuclear fast red solution (Merck, USA) for 5 min. Then, the
slides were briefly rinsed in distilled water, dehydrated with 100 % ethanol and
mounted with DPX mounting medium. Images were captured under a light
microscope (Olympus, Japan). For the Blyscan™ sGAG assay, collagen sponges
were washed three times with HBSS at the end of each timepoint, followed by
papain extraction. Then, 1 ml Blyscan™ dye reagent was added to each sample
and the samples were mixed gently using an incubated orbital shaker (Thermo
Fisher Scientific, Ireland) for 30 min. The samples were then centrifuged at
17,000 g for 10 min. Unbound dye solution was carefully drained and 0.5 ml
dissociation reagent was added to the remaining SGAG droplets. 200 i of each
sample was transferred to individual wells of a 96 micro well plate and the
absorbance was measured at 656 nm using a Varioskan™ Flash Multimode
Reader (Thermo Fisher Scientific, Ireland). Standard aliquots containing 1, 2, 3,
4and 5 g GAGs were used as reference standards for standard curve. The SGAG
concentration of each collagen sponge was obtained after normalisation to the

standard curve.

3.2.16. Scaffolds’ chondrogenic potential assessment (gene expression
assessment)

Quantitative gene analysis via real-time polymerase chain reaction (RT-PCR)
was also conducted. Total RNA was isolated from hADSC-seeded collagen
sponges of all groups after 21 days of in vitro culture in chondrogenic media and
3 collagen sponges from each group were pooled for each sample. Collagen
sponges were homogenised using surgical scalpels before TRI-Reagent® was
added. Two consecutive extraction steps using phenol-chloroform were
performed. Total RNA was precipitated for 30 min at -20 <T with an equal

volume of ice-cold isopropanol, followed by centrifugation for 30 min at 13,000
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g at 4 <C. RNA pellets were washed in 75 % ethanol, air dried and resuspended
in RNA storage solution (Thermo Fisher Scientific, Ireland) supplemented with
RiboSafe RNase inhibitor (Bioline, UK) and stored at -80 <C. RNA vyield and
purity were determined using a NanoDrop spectrophotometer (Thermo Fisher
Scientific, Ireland). Optical density (OD) 260/280 value between 1.8 and 2.0 was
defined as pure RNA. RNA integrity was verified by the Agilent 2100
Bioanalyzer Electrophoresis System (USA). RNA with RNA quality indicator
(RQI) > 8 was defined as intact RNA.

1 g of total RNA was reverse-transcribed using iScript™ RT-PCR Supermix
(BioRad, Ireland). 5 ng cDNA per reaction were subsequently analysed by
quantitative PCR using TagMan® Gene Expression Master Mix (Applied
Biosystems, Ireland) and TagMan® PrimeTime Predesigned gPCR assays
(Integrated DNA Technologies, USA) for collagen type I al (COLIA1),
collagen type II al (COL2A1), collagen type III al (COL3A1), collagen type
Xal (COL10A1), aggrecan (ACAN), cartilage oligomeric matrix protein
(COMP), SRY-box 9 (SOX9), EIF2B1 (eukaryotic translation initiation factor
2B subunit alpha), GUSB (glucuronidase beta), TBP (TATA-box binding
protein). Default amplification conditions were as the follows: 50 <C for 2 min,
95 <C for 10 min, followed by 40 cycles of 95 <C for 15 sec and 60 T for 1 min
using Applied Biosystems (Ireland) StepOnePlus™ RT-PCR System. Cq values
were analysed using gBase+ (Biogazelle, Belgium) and normalised relative
quantities (NRQs) were calculated by normalising the data to the expression of
3 validated endogenous control genes (EIF2B1, GUSB, TBP). Upregulated or
downregulated mRNA expression was defined as a fold change > 2.0, no
difference in mRNA expression was defined as a fold change < 2.0. Table 3.1
lists the genes and the sequence of their respective primers.
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Table 3.1: Genes and their primer 1 (forward), probe, and primer 2 (reverse) sequences.
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Genes Primer 1 (5'-3") Probe (5'-3") Primer 2 (5'-3")
/56-
GACGTTGCTGGAGTTCTTG
EIF2B1 | GGTTTCTATGGCACTGGTGAG | FAM/ACCCTGGAT/ZEN/TGTCTCCCCT A
TTATCTCT/31ABKFQ/
GUSE GTT TTT GAT CCA GAC CCA | /56-FAM/TGC AGG GTT /ZEN/TCA CCA | GCC CAT TAT TCA GAG CGA
GAT G GGA TCC AC/3IABKFQ/ GTA
TRP CAA GAA CTT AGC TGG AAA | /56-FAM/CAC AGG AGC /ZEN/CAA GAG | GATAAG AGA GCCACG AAC
ACCC TGA AGA ACA GT/3IABKFQ/ CAC
GGT TGA TTT CTC ATC ATA | /56-FAM/AGG AAA CTT /ZEN/TGC TCC
COLI1A1 CTG GAC AGC CTG GACTTC
GCCAT CCA GCT GT/31ABKFQ/
COLAAL GTT TTC CAG CTT CAC CAT | /56-FAM/TGG GAC CAG /ZEN/AGA CAC | CCT CAA GGA TTT CAA GGC
CAT C CAG GTT CA/31ABKFQ/ AAT
/56-
CTACTTCTCGCTCTGCTTCA
COL3A1 | TTGGCATGGTTCTGGCTT FAM/TGGGAACAT/ZEN/CCTCCTTCAA TC
CAGCTTC/31ABKFQ/
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Genes Primer 1 (5'-3") Probe (5'-3") Primer 2 (5'-3")
COL10AL GTA CCT TGC TCT CCT CTT | /56-FAM/CCA AGA CAC /ZEN/AGT TCT | CAT AAA AGG CCC ACT ACC
ACT G TCATTC CCT ACA CC/3IABKFQ/ CA
/56-FAM/AAG GGC CGC /ZEN/TTC TCG
SOX9 CGTTCTTCACCGACTTCCTC CTG GGCAAG CTCTGG AG
CTC T/31ABKFQ/
/56-
GACCAAAAGGACACAGACC
COMP | ACAGGCATCCCCTATACCAT FAM/ACCCAACTC/ZEN/AGACCAGAA A

GGACAGT/31ABKFQ/

AGA TTC ACA GAA CTC CAG | /56-FAM/CGA AGA ACA /ZEN/CCT CCC | ACC TAC GAT GTC TAC TGC
TGC CCT CAA GTC /3IABKFQ/ TITG

ACAN
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3.2.17. Statistical analysis

Numerical data are expressed as mean =standard deviation. Statistical analysis
was performed using SPSS Statistics (USA). Analysis was performed using One-
way analysis of variance (ANOVA) for multiple comparisons and 2-sample t-
test for pair wise comparisons after confirming the following assumptions of
parametric analysis: the distribution from which each of the samples was derived
was normal (Shapiro-Wilk normality test) and the variances of the population of
the samples were equal to one another (Levene’s test for equal variances).
Nonparametric statistics were used when either or both of the above assumptions
were violated and consequently Kruskal-Wallis test for multiple comparisons or
Mann-Whitney test for 2-samples were carried out. Statistical significance was
accepted at p < 0.05.
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3.3. Results

3.3.1. Collagen preparations purity assessment

SDS-PAGE (Figure 3.1) revealed a typical electrophoretic mobility of collagen
type 1l from all fish species, comprised of a1,  and y bands and no a2 bands,
which would have been indicative of collagen type | contamination. It is also
worth noting that the produced collagen type Il preparations, having derived from
acid/pepsin extraction, repeated salt precipitation / acid solubilisation and
dialysis, were of higher purity than the commercially available collagen type I1

preparation, as evidenced by lower amounts of high molecular weight bands.

STDI STDII LSD TBR CR BR

Figure 3.1: SDS-PAGE analysis of collagen preparations extracted from the
chondrichthyes. STD I: Standard collagen type 1. STD II: Standard collagen type
Il. LSD: lesser spotted dogfish. TBR: thorn back ray. CR: cuckoo ray. BR:
blonde ray.
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3.3.2. Scaffolds’ physicochemical properties assessment

Qualitative morphology analysis via SEM made apparent that all materials
exhibited a porous structure (Figure 3.2). Subsequent quantitative pore size and %
porosity analyses revealed no apparent differences (p > 0.05) as function of fish
species and crosslinking, as the pore size and % porosity ranged from 90.1 +21.2
um to 106.4 £23.9 um and from 88.5 +£3.6 % to 91.4 £1.5 %, respectively, for
the non-crosslinked collagen type Il sponges and from 95.9 £23.0 um to 105.3
#+19.2 um and from 88.8 +£3.4 % to 91.2 * 3.4 %, respectively, for the

crosslinked collagen type 1l sponges.
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Figure 3.2: Morphology, pore size and % porosity analyses of the produced scaffolds as a function of fish species and crosslinking.
LSD: lesser spotted dogfish. TBR: thorn back ray. CR: cuckoo ray. BR: blonde ray. -PEG-4SG: Non crosslinked groups. +PEG-4SG:

Crosslinked groups.
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Biomechanical assessment (Table 3.2) revealed no significant (p > 0.05)
differences in compression stress and elastic modulus as a function of fish species
and crosslinking significantly (p < 0.05) increased compression stress and elastic
modulus in all groups (compression stress and modulus ranged from 2.4 0.2
kPato 2.5 +0.3 kPaand 8.1 £0.7 kPa to 8.3 1.0 kPa, respectively, for the non-
crosslinked collagen type Il sponges and from 3.6 0.6 kPa to 3.7 +0.4 kPa and
12.0 £1.6 kPa to 12.3 1.3 kPa, respectively, for the crosslinked collagen type

Il sponges).

DSC analysis (Table 3.2) revealed no significant (p > 0.05) differences in
denaturation temperature as a function of fish species and crosslinking
significantly (p < 0.05) increased denaturation temperature in all groups
(denaturation temperature ranged from 37.4 0.3 °C to 38.6 1.1 °C for the non-
crosslinked collagen type 1l sponges and from 41.4 +£0.3 °C to 43.9 1.0 °C for

the crosslinked collagen type 11 sponges).

Free amine quantification (Table 3.2) revealed no significant (p > 0.05)
differences in free amine content as a function of fish species and crosslinking
significantly (p < 0.05) reduced free amine content in all groups (% free amines
ranged from 13.6 +0.2 % to 14.3 £0.6 % for the non-crosslinked collagen type
Il sponges and from 8.4 0.1 % to 9.9 0.3 % for the crosslinked collagen type

Il sponges).
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Table 3.2: Mechanical properties, denaturation temperature and free amine content of the produced scaffolds as a function of fish species
and crosslinking. LSD: Lesser spotted dogfish. TBR: Thorn back ray. CR: Cuckoo ray. BR: Blonde ray. -PEG-4SG: No crosslinked

groups. +PEG-4SG: Crosslinked groups. * indicates significant (p < 0.05) difference to the non-crosslinked group, within the same fish

species.
LSD TBR CR BR
-PEG- -PEG- +PEG-
+PEG-4SG | -PEG-4SG | +PEG-4SG +PEG-4SG | -PEG-4SG
4SG 4SG 4SG
Stress (kPa) 24+0.2 | 3.70.2* 25+0.3 3.7+04* | 25+0.2 | 3.6 £0.5* 25+03 | 3.6 +0.6*
Modulus (kPa) 8.1+0.7 | 122+0.7* | 83%10 123+13* | 82+05 | 120+1.6* | 82=+1.0 | 12.1+22*
Denaturation

37403 | 425+0.2* | 386+1.1 | 43.7+x1.3* | 37909 | 43.9+1.0* | 37.7x1.3 | 41.4 £0.3*

Temperature (°C)
Free Amines (%) | 13.7 £0.1 | 9.6 £0.9* 14.3 0.6 99+04* | 138+0.1| 84+0.1* | 13.6+0.2 | 9.0+0.1*
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Collagenase digestion analysis (Figure 3.3) revealed no significant (p > 0.05)
differences in resistance to enzymatic degradation as a function of fish species.
Crosslinking significantly (p < 0.05) increased the resistance to collagenase
digestion of each group. Further, all non-crosslinked samples were completely
(< 3 % remaining mass) digested within 12 h of collagenase digestion, whilst
crosslinked samples were more resistant to collagenase digestion (~ 30 %

remaining mass after 24 h of collagenase digestion).

100 - LSD 100 - TBR
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Figure 3.3: Resistance to collagenase digestion analysis of the produced
scaffolds as a function of fish species and crosslinking. LSD: lesser spotted
dogfish. TBR: thorn back ray. CR: cuckoo ray. BR: blonde ray. -PEG-4SG: Non
crosslinked groups. +PEG-4SG: Crosslinked groups.
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Cell viability (Figure 3.4a), DNA concentration (Figure 3.4b) and metabolic
activity (Figure 3.4c) analyses indicated that all scaffolds equally (p > 0.05)
supported hADSCs attachment, proliferation and growth up to 21 days (longest
timepoint assessed) in chondrogenic media independently of the fish species.
Qualitative cell infiltration and ECM synthesis analyses via H&E staining
(Figure 3.4d) revealed a homogeneous cell distribution throughout the scaffolds
and increased ECM synthesis as a function of time in culture independently of
the fish species.
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Figure 3.4: hADSC viability (a), DNA concentration (b), metabolic activity (c) and infiltration and ECM synthesis (d) as a function of
fish species for up to 21 days in culture. TCP: Tissue culture plastic. D: Day. LSD: lesser spotted dogfish. TBR: thorn back ray. CR:

cuckoo ray. BR: blonde ray. Note: The reduced cell number as a function of time in culture (a) is attributed to the migration of cells

from the surface to the inner of the collagen sponges.
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3.3.3. Scaffolds’ chondrogenic potential assessment

Alcian blue staining (Figure 3.5a) and sGAG quantification (Figure 3.5b)
revealed no significant (p > 0.05) differences as a function of fish species at any
timepoint, SGAG content was significantly (p < 0.05) increased as a function of
time in culture for all collagen scaffolds and at all timepoints, collagen scaffolds
induced significantly (p < 0.05) higher sGAG content than TCP.
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Figure 3.5: Alcian blue staining (a) and sGAG quantification (b) as a function

of fish species for up to 21 days in culture. TCP: Tissue culture plastic. D: Day.
LSD: lesser spotted dogfish. TBR: thorn back ray. CR: cuckoo ray. BR: blonde

ray. *: indicates p < 0.05.
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Gene expression analysis after 21 days of chondrogenic induction (Figure 3.6)
revealed no COL2AL1 gene expression in any of the groups (data not shown); the
LSD group exhibited upregulated (fold change > 2.0) COL1A1 mRNA levels
compared to the other collagen groups and all collagen groups exhibited
downregulated (fold change > 2.0) COL1A1 mRNA levels compared to TCP;
TCP and the LSD group showed upregulated (fold change > 2.0) COL3Al
MRNA levels compared to the TBR and BR groups; all collagen groups exhibited
upregulated (fold change > 2.0) COL10A1 mRNA levels compared to TCP; the
LSD group showed upregulated (fold change > 2.0) compared to the CR and BR
groups and no difference (fold change < 2.0) compared to the TBR group COMP
mRNA expression and all collagen groups showed upregulated (fold change >
2.0) COMP expression compared to TCP; no differences (fold change < 2.0) in
SOX9 mRNA levels were observed between all collagen groups and all collagen
groups exhibited upregulated (fold change > 2.0) SOX9 mRNA levels compared
to TCP; and the LSD, TBR and BR groups showed upregulated (fold change >
2.0) ACAN mRNA expression levels compared to TCP and the CR group.
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Figure 3.6: Gene expression analysis after 21 days as a function of fish species.
TCP: Tissue culture plastic. LSD: lesser spotted dogfish. TBR: thorn back ray.
CR: cuckoo ray. BR: blonde ray.
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3.4. Discussion

Marine species derived collagen is slowly, but progressively, being considered
as a viable, safe, sustainable and environmentally friendly alternative to
mammalian species derived collagen. In cartilage engineering, although marine
collagen has been shown to maintain chondrocyte phenotype (14, 15); suppress
pro-inflammatory macrophage phenotype, prevent hypertrophic chondrocyte
phenotype and alleviate inflammation in OA rats (21); and induce chondrogenic
differentiation of human mesenchymal stem cells (16, 17), a systematic study to
identify the optimal collagen preparation has not been published as yet. Thus,
herein, we ventured to assess the potential of four chondrichthyes species [lesser
spotted dogfish (Scyliorhinus canicula), thorn back ray (Raja clavata), cuckoo
ray (Leucoraja naevus) and blonde ray (Raja brachyuran)] to yield collagen
suitable for cartilage engineering. We selected chondrichthyes as they lack true
bone and exhibit a skeleton solely comprised of unmineralized cartilage,
predominantly built of collagen type Il (24, 25), which is the main ECM
component of cartilage (26, 27).

Pure collagen type Il (no collagen type | contamination was detected, as
evidenced by the absence of a2 chain) was extracted from all chondrichthyes, as
evidenced by a typical collagen type Il electrophoretic mobility, corresponding
to three al(II) chains. This was similar to previous studies with collagen
extracted from silvertip shark (Carcharhinus albimarginatus) (38) and Peru
squid (Dosidicus gigas) (21). It is worth noting that collagen extracted from
brownbanded bamboo shark (Chiloscyllium punctatum) and blacktip shark
(Carcharhinus limbatus) were contaminated with collagen type | (39), which
may reduce the chondrogenic potential of the scaffold, as has been shown before

with mammalian collagen type I/ collagen type Il preparations (18-20).

The three-dimensional macrostructure of the resultant collagen type Il collagen
sponges was not significantly affected as a function of chondrichthyes species

and crosslinking. All sponges exhibited a homogenous porous structure with 70-
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120 pm pore size and 80-100 % porosity, which have been shown before to

induce chondrogenic differentiation of human adipose derived stem cells (40-42).

Free amine content and mechanical properties, denaturation temperature and
resistance to enzymatic degradation were not affected as function of fish species
and the former was significantly decreased and the latter were significantly
increased as a function of crosslinking. All these observations are in accordance
with previous publications, where PEG-4SG has been shown to increase
mechanical properties, denaturation temperature and resistance to enzymatic
degradation and to decrease free amines in collagen type | (43) and collagen type
Il (32) preparations. It is worth mentioning that the denaturation temperature of
non-crosslinked fish derived scaffolds was < 40 <€, as has been reported before
for various marine collagen preparations (e.g. 33-34 <€ for collagen from ray
skin (44) and 35 <€ for collagen from tilapia scales (45)). This low (relatively to
mammalian derived collagen preparations that exhibit denaturation of > 40 €
(31, 33, 45)) can be attributed to their lower than mammalian collagen amino

acid contents (proline and hydroxyproline) (46, 47).

Biological analysis revealed that all collagen preparations crosslinked with PEG-
4SG supported hADSC growth, which is in agreement with previous publications
that have demonstrated the cytocompatibility of PEG-4SG collagen scaffolds
with both permanently differentiated (32, 48) and stem cell (49) populations.
Histological analysis demonstrated equal among the different collagen
preparations cell and ECM distribution. Further, cartilage-like ECM deposition
was confirmed with both Alcian blue staining and sSGAG quantification. These
observations not only confirm that the pore size and porosity were suitable for
cell and ECM migration within the three-dimensional conformation of the
scaffolds, but also indicate the chondrogenic potential of the scaffolds. Again
these observations are in agreement with previous work in the field, where
Jellyfish (Rhopilema esculentum) collagen sponges with pore size of 40-200 um
(at the centre of the scaffold, the pore diameter was 74 +18 um and at superficial

zones, the pore diameter was 50 20 um) (14) and bovine collagen type Il
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sponges with pore size of 140 =30 um (50) maintained chondrocyte phenotype
and Jellyfish (Rhopilema esculentum) collagen sponges with porosity of 98.2 +
0.4 % induced chondrogenic differentiation of human mesenchymal stem cells
(16).

With respect to gene analysis, in general all collagen scaffolds showed a higher
chondro-inductive potential compared to TCP, as evidenced by downregulated
expression of COL1A1 and COL3AL1 (except the LSD scaffold) and upregulated
expression of COL10A1, SOX9, COMP and ACAN (except the CR scaffold).
This can be attributed to the three-dimensional conformation of the scaffolds, as
studies have demonstrated the important role of three-dimensional environment
in effectively inducing (51) or maintaining (52) chondrogenic phenotype. Having
said that, the biochemical signals of the scaffold cannot be excluded, as it has
been shown previously that collagen type | and collagen type Il coatings (i.e.
two-dimensional culture) were more effective in maintaining chondrogenesis of
human articular chondrocytes than non-coated substrates (53). Within the
different collagen preparations, the LSD preparation induced the highest
COL1A1, COL3A1 (in comparison to TBR and BR), COMP (in comparison to
CR and BR) and ACAN (in comparison to CR) gene expression, suggesting that
the LSD preparation held the highest chondrogenic induction potential. We
recognise that the presence of COL1A1, COL3A1 and COL10A1 may be
indicative of hypertrophy, but we believe that this is due to incomplete
differentiation as opposed to established hypertrophy. To substantiate this one
should consider that in chondrogenic differentiation of stem cells, collagen type
I and collagen type 11 are frequently encountered (54-56). Further, considering
that collagen type X was expressed before collagen type 11, it is unlikely that in
such short period of time (21 days) the stem cells became hypertrophic before
becoming chondrocytes, further advocating that caution should be paid when
lineage commitment is judged based on collagen type X (57). We recognise that
although 21 days are customarily used for chondrogenesis (58-60), higher
COL2AL1 expression is expected to occur at later stages of chondrogenic

differentiation and hence longer timepoints to engineer mature cartilage-like
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tissue are recommended (e.g. 28 days (61), 42 days (62), 49 days (63), 56 days
(64), 84 days (65)). In addition, it has been demonstrated that chondrogenic
redifferentiation of chondrocytes in marine collagen scaffolds takes at least 21
days and the shift from collagen type I to collagen type Il gene expression occurs
after 21 days (14). We speculate that this higher chondrogenic capacity of the
shark derived collagen over the ray-derived collagens may be due to their
compositional materials differences (66) that may result in some form of tissue
memory, as has been shown before for collagen type | sponges that were prepared
from collagen preparations extracted from bovine and porcine skin and tendon
tissues (67).
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3.5. Conclusions

Considering that cartilage is primarily composed of collagen type 11, the use of
collagen type Il scaffolds has been advocated for cartilage engineering
approaches. Ethical and biological, albeit questionable, issues associated with
mammalian collagen have triggered investigations into the potential of marine
collagen in biomedicine. This study advocates the use of marine collagen type Il
and in particular collagen type Il extracted from a marine chondrichthyan species

(i.e. lesser spotted dogfish, Scyliorhinus canicula) for cartilage engineering.
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4.1. Introduction

Gelatin is attracting growing attention in the fields of tissue engineering and drug
delivery due to its low antigenicity, high cell affinity, relatively easy
processability and high availability at low cost (1-4). Gelatin is a mixture of
peptides produced by partially acid (gelatin type A, isoelectric point of ~8) or
alkaline (gelatin type B, isoelectric point of ~5) collagen hydrolysis (5, 6).
Subject to the stage of the extraction, gelatin preparations are classified as low
(initial stage of extraction / incomplete hydrolysis) or high (late stage of
extraction / complete hydrolysis) bloom index (ranging from 50 to 300) (7). The
bloom index and the concentration of the solution affect the gelling capacity and
the gel strength of gelatin preparations (8, 9), which in turn affect their drug (10)
and cell (11, 12) encapsulation and release capacity.

Despite the positive data that have been obtained over the years, the use of gelatin
in biomedicine is somehow restricted due to its, among others, high affinity to
endotoxin contamination. Endotoxins are large and complex lipopolysaccharides
that are localised at the outer membrane of Gram-negative bacteria (13, 14) and
are aften associated with contamination of medical devices. Specifically, as
endotoxins possess a high thermal stability (15) and are hard to destroy with
conventional sterilisation conditions (16), residual endotoxins constitute the most
significant pyrogen in parenteral drugs and medical devices (17, 18) and
frequently lead to post-operative complications, such as delayed tissue
regeneration and homeostasis, implant failure and septic shock (19-22). It is
therefore imperative to assess residual endotoxins in medical devices and
especially in natural biomaterials that are prone to endotoxin contamination (23,
24).

Herein, we ventured to assess the biophysical, biochemical and biological
properties of gelatin (porcine type A and bovine type B, from two different
suppliers) and gelatin-based biomaterials (hydrogels for physicochemical
analysis and films for biological analysis) as a function of different levels of
endotoxin content (from < 1 up to 10,370 endotoxin units per gram) and bloom
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index (from 220 to 355). Gelatin hydrogels and films were crosslinked with 4-
arm polyethylene glycol succinimidyl glutarate, which stabilisation and
cytocompatibility efficiency have been repeatedly demonstrated in the literature
(25-27).
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4.2. Materials and Methods

4.2.1. Materials

Gelatin products (Table 4.1) were provided by Rousselot R&D Center (Belgium)
or purchased from Sigma-Aldrich (Ireland). 4-arm polyethylene glycol (PEG)
succinimidyl glutarate (4SG, Mw 10,000) was purchased from JenKem
Technology (USA). All other materials and reagents were purchased from

Sigma-Aldrich (Ireland) unless otherwise stated.
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Table 4.1: Properties of gelatin samples used in this study. * The endotoxin units per gram values were provided by the supplier and

were measured using the ENDONEXT™ EndoZyme® I1-Recombinant Factor C (rFC) Endotoxin Detection Assay (Bernried am

Starnberger See, Hyglos GmbH).

Material Abbreviation Bloom Endotoxin Units per gram*
Rousselot®, type A porcine RAP1 355 <1
Rousselot®, type A porcine RAP80 220 80
Rousselot®, type A porcine RAP780 285 780
Rousselot®, type A porcine RAP4K 300 4000
Sigma G2500, type A SAP10.5K 300 10,370
porcine
Rousselot®, type B bovine RBB9 247 9
Sigma G9382, type B SBB1.5K 225 1360

bovine
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4.2.2. Purity assessment

To assess the purity of the gelatin samples, sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) under non-reducing conditions
was conducted (28) using a Mini-Protean 3 electrophoresis system (Bio-Rad
Laboratories, UK). A 3 % running gel and a 5 % separation gel were used. Briefly,
10 % gelatin solutions were dissolved in 0.5 M acetic acid and neutralised with
1 N NaOH, followed by the addition of 5x sample buffer (bromophenol blue /
SDS). The sample-buffer mixtures were heated at 95 <€ for 5 mins and a 10 i
aliquot of each mixture was loaded into each well of the running gel. High purity
soluble collagen type I (Symatese, France) was used as control. Electrophoresis
was carried out by first applying 50 V constant voltage until the samples reached
the end of the running gel (~ 30 min) and then 120 V constant voltage was applied
until the samples reached the end of the separation gel (~ 60 min). The gels were
stained with a silver staining kit (SilverQuest™, Invitrogen, USA) according to

the manufacturer’s protocol.

4.2.3. Fabrication and crosslinking of gelatin hydrogels and films

Gelatin hydrogels (250 pl final volume was used) were prepared by dissolving
gelatin products in 1x phosphate buffered saline (PBS) at 50 <C to form solutions
of 100 mg/ml, mixing them with 1 mM PEG-4SG and letting them assemble at
25 <C for 1 h in Ace silicone O-rings (Z504165). Gelatin films (250 pl final
volume was used) were prepared by dissolving gelatin products in 1x PBS at
50 T to form solution of 100 mg/ml, mixing them with 1 mM PEG-4SG at 25 C
in 48-well plates (Sarstedt, Germany) and allowing the liquid to evaporate

overnight in a fume hood.

4.2.4. Biomechanical assessment
The mechanical properties of gelatin hydrogels were assessed via uniaxial
compression using a universal tensile testing machine (Z2.5, Zwick/Roell,

Germany), loaded with a 100 N static load cell. Uniaxial constant loading was
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performed on gelatin hydrogels with approximately 3 mm height and 10 mm
diameter. The gelatin hydrogels were placed between two loading cells and
compressed until 70 % deformation, with a compression rate of 10 mm/min.
Force, strain and elastic modulus were determined by plotting stress versus strain
curves. Both compression strength and elastic modulus were determined on the
linear area of the curves at the position of 30 % deformation and elastic modulus
was calculated using the linear equation of trend-lines at the position of 30 % of
the deformation (29).

4.2.5. Free amines assessment

Crosslinking efficiency was quantified using the 2,4,6-trinitrobenzene sulfonic
acid (TNBSA) assay (Thermo Fisher Scientific, Ireland) (28). Briefly, gelatin
hydrogels (~ 500 mg) were incubated with TNBSA at 37 <€ for 2 h. The reaction
was stopped by adding 10 % SDS and 1 M hydrochloric acid. The mixtures were
subsequently heated at 95 <€ for 15 min in order to hydrolyse the gelatin hydrogel
samples. The absorbance was read at 335 nm (Varioskan Flash Multimode
Reader, Thermo Scientific, Ireland) and values were normalised to the standard
curve, which has been generated with a series of known glycine concentrations
(0.005, 0.01, 0.02, 0.03, 0.04 and 0.05 mg/ml).

4.2.6. Resistance to enzymatic degradation assessment

Enzymatic stability of the gelatin hydrogels was quantified with the collagenase
assay (30). Briefly, gelatin hydrogels were weighed and then incubated for 2 h
in 0.1 M Tris-HCl and 50 mM CaCl; at pH 7.4. Subsequently, the hydrogels were
digested with 50 U/ml bacterial collagenase type Il (MMP-8; 17101-015, Gibco,
Ireland). After 3 h, 6 h, 9 h, 12 h and 24 h of digestion at 37 <C, centrifugation
was carried out at 10,000 g for 5 min, the supernatant was removed and the
remaining gelatin hydrogels were weighed. The degree of enzymatic degradation
was quantified using the following equation: [(Wo - Wt) / Wo] x 100, where Wo
is the original weight and Wt is the remaining weight.
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4.2.7. Cell culture

In vitro inflammatory response was assessed using human-derived leukemic
monocyte cells (THP-1, ATCC, USA) (31). Cells were grown in RPMI-1640
medium supplemented with 10 % foetal bovine serum and 1 % penicillin-
streptomycin at 37 € in 95 % humidified atmosphere of 5 % CO,. Cells were
seeded on gelatin films and tissue culture plastic (TCP) at an initial density of
26,000 cells/cm? and cultured in RPMI-1640 medium for 6 h to enable cell
attachment. A mature macrophage-like state was induced through treatment with
phorbol 12-myristate 13-acetate (PMA) at 100 ng/ml for 6 h, as has been
described previously. Subsequently, human macrophages were washed with
Hank's Balanced Salt Solution (HBSS) and incubated with RPMI-1640 medium
at 37 € in 95 % humidified atmosphere of 5 % CO> for 1 and 2 days.

4.2.8. Cell viability assessment

Cell viability was analysed using the Live/Dead® assay (Life Technologies,
Ireland) as per manufacturer’s protocol. Briefly, at the end of each timepoint, the
gelatin films were washed three times with HBSS and incubated with calcein
AM and ethidium homodimer 1 solution (4 M calcein-AM and 2 M ethdium
homodimer-1) in HBSS at 37 € and 5 % CO> humidified atmosphere for 30 min.
The gelatin films were washed with fresh HBSS to remove excess dye. Images
were then acquired using an inverted fluorescence microscope (IX 51, Olympus
Corporation, Japan). Live (green: FITC, ~495 nm) and dead (red: TexasRed,

~589 nm) cells were analysed using ImageJ software (NIH, USA).

4.2.9. Cell proliferation assessment

Cell proliferation was assessed using the Quant-iT™ PicoGreen® dsDNA kit
(Invitrogen, Ireland), according to the manufacturer’s guidelines. Gelatin films
were washed three times with HBSS at each timepoint, 200 | DNase free water
was added and frozen at -80 <€ until analysis. Gelatin films were freeze-thawed

at least three times in order to lyse the cells. Subsequently, PicoGreen® working
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solution was added to the gelatin films and incubated at room temperature for 5-
10 min, protected from light. Fluorescence was measured at excitation and
emission wavelengths of 480 nm and 520 nm, respectively, using a VVarioskan™
Flash Multimode Reader (Thermo Fisher Scientific, Ireland). The obtained
values were normalised to the standard curve, which was generated with a series
of known DNA stock solutions at different concentrations (0, 5, 10, 25, 50, 100,
500 and 1,000 ng/ml).

4.2.10. Cell metabolic activity assessment

Cell metabolic activity was analysed using the alamarBlue® assay (Invitrogen,
Ireland), as per manufacturer’s protocol. Briefly, gelatin films were washed three
times with HBSS at the end of each time point, 10 % alamarBlue® was added to
each gelatin film and incubated at 37 €€ and 5 % CO, humidified atmosphere for
3 h. Absorbance was measured at excitation and emission wavelengths of 570
nm and 600 nm, respectively, using a Varioskan™ Flash Multimode Reader

(Thermo Fisher Scientific, Ireland).

4.2.11. Cell morphology assessment

At the end of each timepoint, gelatin films were washed three times with HBSS
and cell morphology was analysed using a brightfield microscope (Olympus
Corporation, Japan). The levels of macrophage fusion on gelatin films were
analysed by measuring cell numbers on different gelatin films using ImageJ
software (NIH, USA).

4.2.12. Statistical analysis

Numerical data are expressed as mean *standard deviation. Statistical analysis
was performed using SPSS. Analysis was performed using One-way analysis of
variance (ANOVA) for multiple comparisons and 2-sample t-test for pair wise

comparisons were employed after confirming the following assumptions: the
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distribution from which each of the samples was derived was normal (Shapiro-
Wilk normality test) and the variances of the population of the samples were
equal to one another (Levene’s test for equal variances). Nonparametric statistics
were used when either or both of the above assumptions were violated and
consequently Kruskal-Wallis test for multiple comparisons and Mann-Whitney
test for 2-samples were carried out. Statistical significance was accepted at p <
0.05.
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4.3. Results
4.3.1. Purity assessment
SDS-PAGE (Figure 4.1) revealed typical electrophoretic mobility of gelatin for

all samples, characterised by the presence of a-, - and y- bands, as well as other
bands of variable molecular weight.

STD RAP1 RAP80  RAP780 RAP4K SAP10.5K RBB9 SBB1.5K

Figure 4.1: SDS-PAGE analysis of gelatin samples used in this study. It revealed
typical electrophoretic mobility of gelatin, characterised by the presence of a-,

B- and y- bands, as well as other bands of variable molecular weight.
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4.3.2. Biomechanical and free amine assessment

Among the different gelatin preparations, the RAP80 and SBB1.5K resulted in
hydrogels with the lowest (p < 0.05) stress and modulus values in both non-
crosslinked and crosslinked state; the SBB1.5K resulted in hydrogels with the
highest % free amines in both non-crosslinked (p < 0.05) and crosslinked state
(p < 0.05); and for all gelatin preparations, crosslinking significantly (p < 0.05)
increased stress and modulus values and decreased % free amines (Table 4.2).
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Table 4.2: Mechanical properties and free amine content of non-crosslinked (-PEG-4SG) and crosslinked (+PEG-4SG) gelatin samples
used in this study. *: Indicates lowest (p < 0.05) mechanical properties and highest (p < 0.05) free amine content among non-crosslinked

and crosslinked gelatin samples used in this study. #: Indicates higher (p < 0.05) mechanical properties and lower (p < 0.05) free amine
content between non-crosslinked and crosslinked gelatin samples used in this study.

RAP1 RAPS0 RAP780 RAP4K SAP10.5K RBB9 SBB1.5K

-PEG- +PEG- -PEG- +PEG- -PEG- +PEG- -PEG- +PEG- -PEG- +PEG- -PEG- +PEG- -PEG- +PEG-
45G 45G 45G 45G  4SG  45G  4SG  4SG 4SG  4SG  4SG  45G  4SG 4SG

Stress 217+ 288+ 125=+ 154+ 210*+ 288%+ 221+

275+ 228+ 295+ 218+ 302+ 102+ 16.0%
(kPa) 1.2 1.6# 0.6* 0.2*# 2.9 3.2#

1.9 1.8# 25 3.0# 1.3 3.1# 2.0* 2.8*%#

Modulus 724+ 955+ 418%+ 513+ 70.0x 952=

738+ 916+ 758+ 978% 728+ 100.6 340+ 533%
(kPa) 4.1 5.0# 1.9* 0.4*# 9.4 10.6#

6.3 6.0# 8.1 10.4# 4.3 + 6.5* 9.2%#
10.1#
Free 16+ 0.6 + 19+ 0.8 x 1.7+ 0.6 + 1.7+ 0.7 + 16+ 08=* 18+ 08=% 2.4 + 18+
Amines 0.2 0.2# 0.1 0.1# 0.3 0.1# 0.1 0.3# 0.1 0.1# 0.1# 0.1# 0.1* 0.1*#
(%)
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4.3.3. Resistance to enzymatic degradation assessment

Collagenase digestion analysis (Figure 4.2) revealed that all non-crosslinked
samples were completely degraded within 6 h of exposure to collagenase.
Crosslinking significantly (p < 0.05) increased resistance to collagenase
digestion, as crosslinked samples had at least > 35 % remaining mass after 6 h
and were completely digested after 12 h of exposure to collagenase. Among the
non-crosslinked groups, the SBB1.5K group exhibited the lowest (p < 0.05)
resistance to collagenase digestion and no significant (p > 0.05) differences were
observed between the other groups at 3 h of collagenase digestion. Among the
crosslinked groups, the SBB1.5K group followed by the RAP80 group, exhibited
significantly (p < 0.05) lower resistance to collagenase digestion than the other
groups and no significant (p > 0.05) differences were observed between the other

groups at 9 h of collagenase digestion.
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Figure 4.2: Resistance to enzymatic degradation analysis of non-crosslinked (-
PEG-4SG) and crosslinked (+PEG-4SG) gelatin samples used in this study.
Crosslinking significantly (p < 0.05) increased the resistance to collagenase
digestion of each group. The SBB1.5K group exhibited the lowest resistance to
collagenase digestion within the non-crosslinked (p < 0.05) and crosslinked

groups (p < 0.05).
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4.3.4. Macrophage viability, proliferation and metabolic activity assessment
Qualitative (Figure 4.3A) and quantitative (Figure 4.3B) cell viability and
quantitative DNA concentration (Figure 4.3C) and metabolic activity (Figure
4.3D) analyses revealed no significant (p > 0.05) differences between the groups
at any timepoint, apart from the SBB1.5K group, which exhibited the lowest (p
< 0.05) cell viability at day 2 and the lowest (p < 0.05) metabolic activity at day
1 and day 2.
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Figure 4.3: Macrophage viability (A, B), DNA concentration (C) and metabolic
activity (D) analyses. The analyses revealed no significant (p > 0.05) differences
between the groups, apart from the SBB1.5K group, which induced the lowest (p
< 0.05) cell viability at day 2 and the lowest (p < 0.05) metabolic activity at day
1 and day 2. * indicates statistically significant difference (p < 0.05) between the

gelatin groups.
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4.3.5. Macrophage morphology assessment

Macrophage morphology (Figure 4.4A) and fusion (Figure 4.4B) assessment
revealed that macrophages were of round morphology on all groups and formed
the least (p < 0.05) number of clusters on TCP, RAP1, RAP80, RAP780 and
RBB9 at both timepoints, respectively.
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Figure 4.4: Macrophage morphology (A) and cell number (B) analyses. Cell
clusters are indicated using black arrows. On all groups, macrophages exhibited
a round morphology and on RAP4K, SAP10.5K and SBB1.5K, they formed the
highest number (p < 0.05) of clusters. TCP: Tissue culture plastic. * indicates
statistically significant difference (p < 0.005) between the gelatin groups.
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4.4. Discussion

Gelatin, the hydrolysed derivative of collagen, is extensively used in food,
pharma and medical device sectors (32-35). In medical device development,
bloom index, a unit that measures extent of hydrolysis, is an important parameter
that should be assessed as it affects the gelling capacity, gel strength and cell
response of gelatin preparations. Another crucial factor in medical device
development is residual endotoxin levels, as endotoxins are considered to be the
most significant pyrogens and associated with post-operative complications,
including implant failure. Herein, we assessed the physiochemical and biological
properties of gelatin-based biomaterials and we correlated them to their bloom

index and amount of endotoxins present in the original raw materials.

Starting with SDS-PAGE assessment, all gelatin preparations were comprised of
a-, B- and y- bands, as well as other bands of variable molecular weight. This is
in agreement with previous publications, considering that gelatin is a mixture of
water-soluble protein fragments, obtained by the destruction of collagen, with a
molecular weight distribution ranging from 10 kDa to 400 kDa (36). Variable
number and intensity of bands was observed between the different gelatin
preparations, which we attribute to the origin and the manufacturing process of
the respective gelatin preparations (37-41), as has also been observed previously

for collagen preparations (28, 31, 42, 43).

With respect to mechanical properties, resistance to enzymatic degradation and
free amine content, crosslinking increased mechanical properties and resistance
to enzymatic degradation and decreased free amine content. Within the different
gelatin preparations, the RAP80 and SBB1.5K groups exhibited the lowest
compression stress and elastic modulus values, the highest free amine content
(only the SBB1.5K was statistically significant) and the lowest resistance to
enzymatic degradation (i.e. the crosslinked groups at 9 h of degradation). We
attribute this low mechanical resilience / high free amine content / low resistance
to enzymatic degradation to the low bloom strength of these gelatin preparations.

In agreement with our observations, previous studies have shown that high bloom
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rate results in gelatin scaffolds with high ultimate strength, rigidity and Young’s
modulus (11, 44-46). With respect to free amines and resistance to enzymatic
degradation, high % of free amines and low resistance to enzymatic degradation
are related to less crosslinked materials, as has been shown repeatedly for gelatin
(47-49) and collagen (26, 28, 43) scaffolds.

With respect to cell shape, on all substrates the cells exhibited a round
morphology, whilst cells have been reported to be of round morphology on low
bloom index hydrogels and of elongated morphology on high bloom index
hydrogels (50-52). We attribute this indifference in cell shape between the
different gelatin preparations to residual endotoxins. Indeed, biological analysis
with macrophages made apparent that high levels of residual endotoxins (> 1.5
K units/g) were responsible for cell fusion. It has been well-established in the
literature that endotoxins are associated with macrophage activation (53, 54) and
macrophage aggregation is indicative of foreign body response (55-57). Further,
high endotoxin levels in gelatin preparations have been shown to significantly
increase synthesis of TNF-o and CCL2 (58), notorious pro-inflammatory
cytokines (59-61). To reduce the burden of endotoxin activated immune response,
functionalisation strategies have been recommended (e.g. gelatin preparations
functionalised with desaminotyrosine or desaminotyrosyl tyrosine resulted in
reduced expression of IL6 and TNF-a. (62)).
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4.5. Conclusions

In this study, we evaluated the influence of bloom index and endotoxin level on
the physicochemical and biological properties of gelatin biomaterials. Our data
suggest that low endotoxin and high bloom index gelatin preparations should be
used in medical device sector, unless fast degradation is required, in which case,

low endotoxin and low bloom index gelatin preparations should be used.
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5.1. Conclusions

Articular cartilage is a specialised connective tissue of joints, with limited self-
repair capacity renders its regeneration a formidable challenge. Collagen type |
biomaterials have demonstrated limited regeneration capacity in long term
clinical studies. Although the use of collagen type Il in cartilage engineering has
been advocated as it is the main constituent of cartilage tissue, its optimal source
still remains elusive. The aim of this study was to assess the chondrogenic
differentiation of human adipose derived stem cells in chondrogenic media using
mammalian (porcine; male and female; and articular, tracheal and auricular
cartilage tissues were used) derived collagen type Il sponges (Chapter 2) and
marine (lesser spotted dogfish, thorn back ray, cuckoo ray and blonde ray
chondrichthyan tissues were used) derived collagen type 11 sponges (Chapter 3).
Data obtained from Chapter 2 (porcine tissues) advocate the use of male / female
articular cartilage (as opposed to tracheal and auricular cartilage) derived
collagen type 1l scaffolds for cartilage engineering applications, as judged by
resistance to enzymatic degradation, biomechanical properties and chondrogenic
differentiation potential. Data obtained from Chapter 3 (marine tissues)
advocate the use of lesser spotted dogfish (as opposed to thorn back ray, cuckoo
ray and blonde ray) derived collagen type 1l scaffolds for cartilage engineering
applications, as judged by enzymatic degradation, biomechanical properties and
chondrogenic differentiation potential. In both (mammalian and marine collagen
sponges) cases, the presence of collagen type | appeared to reduce the
chondrogenic differentiation of human adipose derived stem cells, further
advocating the notion that collagen type | scaffolds are not suitable for cartilage
engineering. In Chapter 4, it was demonstrated that the bloom index modulates
the physicochemical properties and the endotoxin content regulates the
biological response of gelatin biomaterials. For various reasons, the

chondrogenic potential of gelatin preparations was not assessed.
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5.2. Future studies

5.2.1. Engineering and assessing an optimally functionalised collagen type Il
sponge

This study very clearly illustrated the potential of collagen type Il scaffolds to
induce chondrogenic phenotype to human adipose derived stem cells. Although
plausible, it would be nawe to assume that collagen type Il alone will be enough
to induce hyaline cartilage in preclinical and clinical setting. To this end, it is
proposed to appropriate functionalise collagen type Il scaffolds with molecules
that have been shown to induce chondrogenesis in vitro and in vivo (e.g.
glycosaminoglycans, such as hyaluronic acid (1-4) and chondroitin sulphate (5,
6); hormones, such as thyroxine (7) and parathyroid hormone (8); genes, such as
SOX trio (9, 10) and RUNX2 (11); growth factors, such as TGF-p1 (12, 13),
TGF-B3 (14, 15) and BMP-7 (16); and small molecules, such as kartogenin (17,

18)) and to assess the optimal combination(s) in an appropriate preclinical model.

5.2.2. Engineering and assessing an optimally functionalised gelatin material
This study very clearly illustrated that the bloom index modulates the
physicochemical properties and the endotoxin content regulates the biological
response of gelatin biomaterials. The next logical step is to fabricate
appropriately crosslinked (finetune mechanical properties, degradation and
cytocompatibility) and functionalised (see above) gelatin-based scaffolds (e.g.
hydrogels, bioprinted materials, electrospun fibres) for cartilage engineering.
After all, the potential of gelatin in cartilage engineering has already been shown
((19-23)), without however taking into consideration bloom index and endotoxin

level.
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A. Protocols

Appendices

Table A.1: List of reagents and respective suppliers

Reagents
4-arm PEG Succinimidyl
Glutarate MW 10,000 (4S-StarPEG)

Suppliers
Jenkem Technology, China

2,4.6-Trinitrobenzene sulfonic acid

Sigma Aldrich, Ireland

Tissue culture plastics

SARSTEDT, Ireland NUNC,
Ireland

Acrylamide/bis-acrylamide

30 % solution

Sigma Aldrich, Ireland

a-Minimum  Essential ~ Medium | Life Technologies, Ireland
GlutaMAX™
alamarBlue® Invitrogen, USA

Alcian blue solution

Sigma Aldrich, Ireland

Absolute ethanol

Lennox, Ireland

Ammonium persulphate (APS)

Sigma Aldrich, Ireland

Ambion® RNA Storage Solution

Thermo Fisher Scientific, Ireland

Blyscan™ sGAG assay kit

Biocolor, UK

Bovine serum albumin

Sigma Aldrich, Ireland

Bromophenol blue

Bio-Rad, UK

Calcium chloride

Sigma Aldrich, Ireland

Calcein AM

Invitrogen, USA

Collagen type |

Symatese Biomateriaux, France

Collagenase type Il from Clostridium
histolyticum

Thermo Fisher Scientific, Ireland

Chloroform

Sigma Aldrich, Ireland

Dulbecco’s Modified Eagle’s
Medium — high glucose

Sigma Aldrich, Ireland

Dexamethasone

Sigma Aldrich, Ireland

Dimethyl sulfoxide (DMSO)

Sigma Aldrich, Ireland
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Dibutylphthalate polystyrene xylene
(DPX)

Sigma Aldrich, Ireland

Eosin

Carl Roth, Germany

Ethidium homodimer-1

Sigma Aldrich, Ireland

Foetal bovine serum (FBS)

Sigma Aldrich, Ireland

Glycerol

Sigma Aldrich, Ireland

Glycine

Fisher Chemicals, Ireland

Glacial acetic acid

Thermo Fisher Scientific, Ireland

GlycoBlue™ coprecipitant

Thermo Fisher Scientific, Ireland

Gelatine, porcine, type A

Sigma Aldrich, Ireland

Gelatin, bovine, type B

Sigma Aldrich, Ireland

Gelatin, porcine, type A

Rousselot, Belgium

Gelatin, bovine, type B

Rousselot, Belgium

Hank's Balanced Salt Solution | Sigma Aldrich, Ireland
(HBSS)

Hydrochloric acid 37 % Sigma Aldrich, Ireland
Isopropanol Sigma Aldrich, Ireland

ITS liquid media supplement

Sigma Aldrich, Ireland

iScript™  reverse transcription

supermix

BioRad, UK

L-ascorbic acid 2-phosphate

Sigma Aldrich, Ireland

Mayer’s Haematoxylin

Carl Roth, Germany

N,N,NV'N\'-
Tetramethylethylenediamine
(TEMED)

Bio-Rad, UK

Nuclear fast red solution

Sigma Aldrich, Ireland

Nuclease free water

Sigma Aldrich, Ireland

Optimal cutting temperature

compound (OCT compound)

Thermo Fisher Scientific, Ireland

Phosphate buffered saline (PBS)

Thermo Fisher Scientific, Ireland
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Penicillin streptomycin

Sigma Aldrich, Ireland

Pepsin from porcine gastric mucosa
3,200-4,500 units/mg protein

Sigma Aldrich, Ireland

Papain from papaya latex

Sigma Aldrich, Ireland

Phorbol  12-myristate  13-acetate | Sigma Aldrich, Ireland
(PMA)

Paraformaldehyde (PFA) Sigma Aldrich, Ireland
Quant-iT™  PicoGreen® dsDNA | Invitrogen, USA
Assay Kit

Roswell Park Memorial Institute | Sigma Aldrich, Ireland

(RPMI)-1640 medium

Recombinant Human TGF-3

R&D Systems

RiboSafe RNase inhibitor

Bioline, Ireland

Sucrose

Sigma Aldrich, Ireland

Sodium bicarbonate

Sigma Aldrich, Ireland

SilverQuest™ Silver staining kit

Invitrogen, USA

Sodium chloride

Sigma Aldrich, Ireland

Sodium dodecyl sulphate (SDS)

Sigma Aldrich, Ireland

Sodium hydroxide

Sigma Aldrich, Ireland

Tris-base

Fisher Chemicals, Ireland

Trypsin/EDTA

Sigma Aldrich, Ireland

TRI-Reagent®

Sigma Aldrich, Ireland

TagMan® Primer Probe Assays

IDT-Integrated DNA Technologies

TagMan® Gene Expression | Fisher Scientific, Ireland
MasterMix
Xylene Sigma Aldrich, Ireland

Dibutylphthalate polystyrene xylene
(DPX)

Sigma Aldrich, Ireland
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A.1. Collagen type 11 isolation

Materials and equipment

Frozen porcine and marine tissues

Sodium hydroxide

Absolute ethanol

Glacial acetic acid

Sodium chloride

Pepsin (3200-4500 units/mg protein)

CryoMill (SPEX SamplePrep 6870, Germany).
Sieve

Filter mesh (100 um in diameter).

Centrifuge, 500 ml centrifuge bottles.

Dialysis tubing cellulose membrane

Methods

1.

Thaw porcine and marine tissues at room temperature and dissect cartilage
from surrounding tissue using a surgical scalpel.

Incubate cartilage samples into 0.2 M NaOH solution for 12 h and wash with
absolute ethanol.

Cut cartilage samples into small pieces, homogenise in liquid nitrogen using
a CryoMuill.

Suspend homogenised cartilage samples in 1 M acetic acid at a ratio of 1 to
1 (g/l) under stirring for 48 h at 4 <C.

Add pepsin at tissue to pepsin ratio of 10 to 1 (w/w) at room temperature.
Keep the solutions under constant stirring for 48 h at 4 <C.

Filter the collagen solutions with sieve and filter mesh, discard the insoluble
residues.

Add 0.9 M NaCl to the collected collagen solution and manually gently stir
the collagen solution every 2 h for three times to generate collagen

precipitates.
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After salt precipitation, collect collagen precipitates through centrifugation
using 500 ml centrifuge bottles (20 min, 8,000 rpm, 4-8 <€).

Resuspend collagen precipitates in 1 M acetic acid at a ratio of 1.5to 1 (g/ml)
under stirring for 48 h at 4 <C and repeat salt precipitation.

Add minimal amount of 1 M acetic acid into collagen precipitates to obtain
highly concentrated collagen solution.

dialyse highly concentrated collagen solution against 0.001 M acetic acid
using dialysis tubing cellulose membrane.

Dialyse collagen solution against 0.001 M acetic acid for 48 h at 4 <C.

The final collagen solution was stored at 4 <€ until use.

A.2. Collagen sponge fabrication and crosslinking

Materials and equipment

1x PBS

4-arm PEG Succinimidyl Glutarate, MW 10,000
48 well-plate

Centrifuge

-80 T freezer

Freeze-dryer

Methods

1.

Dissolve collagen in 0.05 M acetic acid to make 5 mg/ml collagen solution
at 4 <C (Falcon tubes can be used to prepare collagen solution).

Prepare crosslinking agent (4-arm PEG Succinimidyl Glutarate MW 10,000)
in 1x PBS to make stock solution of 10 mM.

Mix collagen solution with crosslinking agent to reach the final crosslinking
concentration of 1 mM.

Add 200 pl of non-crosslinked and crosslinked collagen solution into each
well of 48 well-plate.

Freeze collagen solutions in -80 <C freezer for 12 h.
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Freeze dry frozen collagen solutions in freeze-dryer for 24 h.
All the collagens were produced on the same day and under the same freeze-

drying conditions.

A.3. Gelatin hydrogel fabrication and crosslinking

Materials and equipment

1x PBS
4arm PEG Succinimidyl Glutarate, MW 10,000
Ace silicone O-rings (Z504165)

e Water bath

e Centrifuge

Methods

1. Dissolve gelatin products in 1x PBS at 50 <C in water bath to make 100 mg/ml
gelatin solution (Falcon tubes can be used to prepare gelatin solution).

2. Prepare crosslinking agent (4-arm PEG Succinimidyl Glutarate MW 10,000)
in 1x PBS to make stock solution of 10 mM.

3. Mix gelatin solution with crosslinking agent to reach the final crosslinking
concentration of 1 mM.

4. Centrifuge at 3,000 rpm for 20 sec to remove bubbles.

5. Add 250 ul of the crosslinked gelatin solution to each Ace silicone O-ring.

6. Incubate at 25 <T (or room temperature) for 1 hour to fabricate gelatin

hydrogel.

A.4. Gelatin film fabrication and crosslinking

Materials and equipment

1x PBS
4-arm PEG Succinimidyl Glutarate, MW 10,000
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e 48 well-plate

e Water bath

e Centrifuge

Methods

1. Dissolve gelatin products in 1x PBS at 50 <C in water bath to make 100
mg/ml gelatin solution (Falcon tubes can be used to prepare gelatin solution).

2. Prepare crosslinking agent (4-arm PEG Succinimidyl Glutarate MW 10,000)
in 1x PBS to make stock solution of 10 mM.

3. Mix gelatin solution with crosslinking agent to reach the final crosslinking
concentration of 1 mM.

4. Centrifuge at 3,000 rpm for 20 sec to remove bubbles.
Add 250 pl of the crosslinked gelatin solution to each well of the 48 well-
plate.

6. Incubate at 25 <C (or room temperature) for 1 h.

7. Allow the liquid to evaporate overnight in a fume hood to fabricate gelatin

films.

A.5. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

Materials and equipment

1.875 M Tris Base pH 8.8
1.25 M Tris-HCI pH 6.8
5x sample buffer

5x running buffer

Glacial acetic acid
Absolute ethanol
Glycerol

Bromophenol blue
TEMED
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30 % Acrylamide/Bis

100 mg/ml Ammonium Persulphate (APS)
10 % SDS

Benchtop vortex

Mini-Protean 3 electrophoresis system (Bio-Rad Laboratories, UK)

Methods

Reagents and collagen / gelatin samples preparation

1.

Prepare 1.875 M Tris Base pH 8.8: Dissolve 22.70 g Tris-base in 80 ml
ddH20, add 2 ml of concentrated HCI (37 %), leave it overnight to equilibrate
and then adjust pH to 8.8 with concentrated HCI. Fill it up to 100 ml with
ddH20. Store it at 4-8 <TC.

Prepare 1.25 M Tris-HCI pH 6.8: Dissolve 15.14 g Tris-base in 70 ml ddH20,
add 7 ml of concentrated HCI (37 %), leave it overnight to equilibrate and
then adjust pH to 6.8 with concentrated HCI. Fill it up to 100 ml with ddH0.
Store it at 4-8 <C.

Prepare 5x sample buffer: Dissolve 0.25 g SDS in 0.625 ml 1.25 M Tris-HClI,
pH 6.8 and 2 ml ddH.O. Leave it overnight for the foam to settle. Fill with
glycerol to 5 ml. Add 2.5 mg bromophenol blue per 10 ml buffer.

Prepare 5x running buffer: Dissolve 15.1 g Tris-base, 72 g glycine and 5 ¢
SDS in 1 L of ddH20. Store at 4 €. To run the gel, 1x running buffer should
be prepared by diluting 5x running buffer in ddH20.

Dissolve freeze-dried collagen samples and collagen type | (Symatese
Biomateriaux, France) in 0.5 M acetic acid to make 1 mg/ml collagen
solution.

Dissolve gelatin products and collagen type | (Symatese Biomateriaux,
France) in 0.5 M acetic acid to make 10 % gelatin solutions and 1 mg/ml
collagen solution.

Collagen / gelatin sample preparation:

e 4 ul collagen / gelatin samples

192



8.
9.

Appendices

e 4pul1MNaOH

e 34l ddH,0

e 18 pul 5x sample buffer

Vortex the samples and centrifuge them briefly.
Denature the samples at 95 <C for 5 min.

10. Vortex the samples and centrifuge them briefly.
11. Load the samples in Mini gel (for 10-well: 15 ul and for 15-well: 10 pl).

Gel preparation

1.
2.

9.

Clean glass plates with 100 % ethanol and dry with tissue papers.

Prepare the separating gel according to Table 2 below.

Note: Add the APS and the TEMED last, immediately prior to pouring the
gels.

Vortex the gel mixture and pour it to reach about 1 cm from the top of the
glass.

Overlay the separating gel with 10 % (vol/vol) ethanol to cut off oxidation.
When the separating gel mixture is polymerised (approximately 30 min),
remove the ethanol.

Prepare the stacking gel mixture according to Table 3 below.

Note: Add the APS and the TEMED last, immediately prior to pouring the
gels.

Vortex the gel mixture and pour it on of the polymerised separating gel.
Insert the comb into the stacking gel.

Note: Avoid trapping air bubbles while inserting the comb.

Remove the comb after the gel is polymerised (~30 min).

10. Assemble the Mini-Protean 3 electrophoresis system, fit the gel plates on the

electrode bar and fit the set into the inner chamber and clamp them.

11. Fill the upper/inner chamber with 1x running buffer.

Collagen / gelatin samples loading
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1. Load an aliquot of collagen / gelatin samples (for 10-well: 15 ul and for 15-
well: 10 ul) and standards into each well of the stacking gel.

2. Put the upper chamber on the main chamber, close the lid and run the gel.

3. Run the gel at constant voltage: 50 V until the front reaches the end of the
stacking gel (~30-40 min), then 120 V until the front reaches the end of the
separation gel (~1 h).

4. Remove the glass using the wonder wedge and release the gel slowly into 1x
running buffer.

5. Proceed with Silver staining.

Table A.2: 5 % separating gel for 1mm thickness mini gel (Protean Il Bio-Rad).

Reagents Volume for 1 gel

30 % Acrylamide/Bis (37.5:1) 830 ul

1.875 M Tris-HCI pH 8.8 1000 pl
10 % SDS 50 pl

ddH.0 3070 pl
APS (100 mg/ml) 42 ul
TEMED 5ul

Total 5000 pl

Table A.3: 3 % stacking gel for 1mm thickness mini gel (Protean Il Bio-Rad).

Reagents Volume for 1 gel

30 % Acrylamide/Bis (37.5:1) 200 pl

1.25 M Tris-HCI pH 6.8 200 pl
10 % SDS 33 ul

ddH20 1550 ul
APS (100 mg/ml) 17 wl
TEMED 3ul

Total 2000 pl
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Adapting the manufacturer instructions for the SilverQuest™ Silver Staining Kit,

the method is briefly described in the following Table 4.

Table A.4: Silver staining method step by step. Volumes are indicated per gel.

Reagent Incubation time
Ethanol 10 ml
Fix Acetic acid 2.5 ml 20 mins
Water up to 25 ml
Ethanol 7.5 ml _
Wash 10 mins
Water up to 25 mli
Ethanol 7.5 ml
Sensitize Sensitizer 2.5 ml 10 mins
Water up to 25 ml
) Ethanol 7.5 ml _
First wash 10 mins
Water up to 25 ml
Second wash Water 25 ml 10 mins
_ Stainer 0.25 ml _
Stain 15 mins
Water up to 25 ml
Wash Water 25 ml 1 min
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Incubation time

Develop

Developer 2.5 ml
Developer enhancer 1
drop
Water up to 25 ml

4-8 mins

Stop

Stopper 10 ml
(add directly to
developing solution)

10 mins

Woash

Water 25 ml

10 mins

A.7. TNBSA assay

Materials and equipment

e Glycine

e Glacial acetic acid
e Sodium hydroxide

e Hydrochloric acid

e Sodium dodecyl sulphate (SDS)

e Sodium bicarbonate

e 2,4,6-Trinitrobenzene sulfonic acid (TNBSA)

e 96 well-plate

e Benchtop vortex

e Block heater (optional)

Methods
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Place ~ 3 mg collagen sponges / ~ 500 mg gelatin hydrogels in 1.5 ml
microtubes and add 500 pl of 0.1 M sodium bicarbonate solution.

Prepare standard curve solutions of 0, 0.005, 0.01, 0.02, 0.03, 0.04 and 0.05
mg/ml glycine in 0.1 M sodium bicarbonate solution.

Add 500 pl of each standard glycine curve solution to a 1.5 ml microtube.
Add 250 ul of 0.01 % TNBSA to each sample and standard curve point
solution. Mix the samples well using benchtop vortex.

Incubate the samples and standard curve point solution in a 37 <C incubator
for 2 h.

Add 250 pl of 10 % SDS and 125 pl of 1 M hydrochloric acid to stop the
reaction.

Note: (Optional) If the samples are not completely dissolved at this stage,
hydrolyse the samples by incubating them in a block heater at 95 <C for 15
min.

Transfer 100 pl of sample solution to each well of 96-well plate and measure
the absorbance at 335 nm.

A.8. Collagenase

Materials and equipment

0.1 M Tris-HCI pH 7.4
50 mM CaCl;
50 U/ml bacterial collagenase type II; MMP-8

Methods

1.

Place ~ 1.0-1.5 mg collagen sponges / ~ 500 mg gelatin hydrogels in 1.5 ml
microtubes.

Prepare the buffer: 0.1 M Tris-HCI pH 7.4 + 50 mM CaCl..

Incubate the samples in 500 pl of 0.1 M Tris-HCI pH 7.4 / 50 mM CaCl;
buffer for 2 h.

Prepare a 50 U/ml collagenase solution in the buffer.
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Add 500 pl of reconstituted collagenase solution into the samples.

Incubate the samples with reconstituted collagenase solution at 37 <C for
different time points.

Centrifuge at 10,000 rpm for 5 min.

Remove the supernatants, the remaining collagen sponges were freeze-dried
and weighed and the remaining gelatin hydrogels were weighed.

The degree of enzymatic degradation was quantified using the weight
difference approach [(Wo-Wt)/ Wo] x 100, where Wo is the original weight

and Wt is the remaining weight.

A.9. Scanning electron microscopy (SEM)

Materials and equipment

Carbon disk
Hitachi S-4700 scanning electron microscope

Emitech K-550X sputtering system

Methods

1.

© 0o~ w N

Collagen sponges were sectioned in the dry state to expose the inner porous
structure and mounted onto a carbon disk.

Place collagen sample and carbon disk into the gold sputtering system.

Gold coating using Emitech K-550X sputtering system for 2 min.

Put the sample stage into sample chamber and turn on the pumps.

Capture the SEM images of collagen sponges.

SEM images were analysed using ImageJ software.

A.10. Denaturation temperature assessment

Materials and equipment

1x PBS
Filter paper
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e Differential scanning calorimeter (DSC, DSC-60, Shimadzu, Japan)

Methods

1. Hydrate collagen sponges in 1x PBS for 12 h at 4 <C.

2. After hydration, remove excess PBS by blotting with filter paper.

3. Place hydrated collagen sponges (10-15 mg for each sample) into aluminum
crucibles, spread it out at the bottom of the crucible and record its weight.

4. Place the lid on the aluminium crucible and seal it.

5. Use an empty aluminium crucible as a reference crucible.

6. Carry out a constant temperature ramp at 10 <T/min with a temperature range
of 20-100 <C.

7. Record the peak temperature as the denaturation temperature.

A.11. Biomechanical assessment — Compression test

Materials and equipment

e 10 N loading cell
e 100 N loading cell
e Material testing machine (Z2.5, Zwick/Roell, Germany)

Methods

1. Measure the height and diameter of collagen sponges / gelatin hydrogels.

2. Place collagen sponges between two 10 N loading cells.
Note: Place gelatin hydrogels between two 100 N loading cells.

3. Perform uniaxial constant loading on the samples and compress until 70 %
deformation was reached, with a compression rate of 10 mm/min.

4. Force, strain and elastic modulus were determined by plotting stress versus

strain curves.
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A.12. Cell thawing and expansion, freezing (human adipose derived stem
cells)

Note: The entire protocol should be performed in aseptic conditions. All
materials should be sprayed with 70 % ethanol before putting into the biological

safety cabinet.

Materials and equipment

e Alpha— Minimum Essential Medium with GlutaMax™ (alpha-MEM)
e Fetal bovine serum (FBS)

e Penicillin streptomycin

e Trypsin/EDTA

e Hank’s balanced salt solution (HBSS)

e Neubauer chamber

e Dimethyl sulfoxide (DMSO)

e Mr. Frosty™ freezing container

e Liquid nitrogen container

e Cell culture flasks

Cell thawing and expansion

1. Prepare cell expansion medium: alpha-MEM with GlutaMax™; 10 % FBS;
1 % penicillin streptomycin.

2. Remove vials from the liquid nitrogen container.

3. Thaw the vial by gentle agitation in water bath at 37 <C. Keep the O-ring and
cap out of the water to reduce potential contamination.

4. Transfer cell suspension to culture flask of appropriate size and add pre-
warmed cell expansion medium.

5. Change medium every 2-3 days and monitor cell proliferation with a phase
contrast microscope.

6. When cells cover more than 80 % of the culture flask, remove culture
medium, wash cell layer with HBSS and add 5 ml of trypsin/EDTA.
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Incubate cells with trypsin/EDTA at 37 <C for 5 min until cells start detaching.
Add 5 ml of expansion medium to neutralise the action of trypsin/EDTA and
transfer cell suspension into a falcon tube and centrifuge at 1200 rpm for 5
min.

Discard the supernatant and resuspend cells in the medium.

Count cells using Neubauer chamber and seed them at 5000 cells/cm? in
desired amount of cell expansion medium.

Incubate the cells in an incubator at 37 <C, 5% CO; and 95 % relative

humidity.

Cell freezing

Aspirate culture medium and wash cell layer with HBSS.

Add trypsin/EDTA and incubate at 37 <C for 5 min.

Add expansion medium to neutralise the action of trypsin, collect cell
suspension into a tube and centrifuge at 1200 rpm for 5 min.

Resuspend cells in 1 ml of expansion medium and count cells using a
Neubauer chamber.

Resuspend cells in desired amount of freezing medium (90 % expansion
medium with 10 % dimethyl sulfoxide) to have 1 million cell per ml of
medium.

Transfer 1 ml of cell suspension per cryogenic vial.

Place vials into a Mr. Frosty™ freezing container and freeze overnight at -
80 <C.

Move the vials to liquid nitrogen for long term storage.

A.13. Cell seeding and differentiation in collagen sponges (human adipose

derived stem cells)

Materials and equipment

Dulbecco’s Modified Eagle’s Medium (DMEM) — high glucose

Dexamethasone
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Bovine serum albumin
Transforming growth factor betta 3 (TGF-B3)
L-ascorbic acid 2-phosphate

ITS liquid media supplement

o 48 well-plate

Methods

1. Prepare chondrogenic differentiation medium: DMEM - high glucose; 100
nM dexamethasone; 50 mg/ml bovine serum albumin; 10 ng/ml transforming
growth factor betta 3 (TGF-B3); 50 ng/ml L-ascorbic acid 2-phosphate; 5 ml
ITS liquid media supplement.

2. At passages 5, resuspend cells in fresh expansion medium.

3. Seed 100 i of cell suspension to each collagen sponge at a density of
200,000 cells/sponge and culture collagen sponges in 48 well-plate.

4. Culture cells on tissue culture plastic (TCP) at 50,000 cells/cm? as a negative
control.

5. Incubate the collagen sponges containing cells at 37<C, 5% CO_ and 95 %
relative humidity for 2 h for cells attachment.

6. Add fresh expansion medium into collagen sponges and incubate overnight.

7. Change expansion medium into chondrogenic medium the next day.

8. Culture cells for 7, 14 and 21 days at 37<C, 5% CO and 95 % relative

humidity and change medium every 2 days.

A.14. Cell expansion and differentiation (human THP-1 monocytes)

Materials and equipment

Roswell Park Memorial Institute (RPMI) 1640 medium
FBS

Penicillin/streptomycin

Phorbol 12-myristate 13-acetate (PMA)
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Dimethyl sulfoxide (DMSO)

Cell expansion

1.

Prepare cell expansion medium: RPMI 1640 medium; 10 % FBS; 1 %
penicillin streptomycin.

Culture human THP-1 monocytes at 300,000 cells/ml.

Top up with fresh media every second day or when cell concentration reaches
800,000 cells/ml (Do not allow the cell concentration to exceed 1,000,000

cells/ml).

Cell differentiation

1.

.
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10.

Use THP-1 monocytes when their density reaches 800,000-1,000,000
cells/ml.

Dilute PMA in DMSO at 5pg/ml.

Add 100 pl PMA for each 50 ml supplemented RPMI 1640 medium to
prepare differentiation medium.

Resuspend the cells in differentiation medium.

Adjust the cell density at 100,000 cells/ml.

Seed cells on gelatin films and TCP at cell density 26,000 cells/cm?.
Incubate cells at 37 <C, 5% CO> and 95 % relative humidity for 6 h to enable
cell attachment.

Check the differentiation by observation at the microscope. If there are
floating cells (undifferentiated cells), incubate for 6 h more.

Remove the medium and replace it with fresh RPMI 1640 medium.
Incubate the cells at 37 <C, 5 % CO- and 95 % relative humidity for 1 and 2
days.

A.15. Cell metabolic activity assay using alamarBlue™

Materials
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alamarBlue®
HBSS
96-well plate

Methods
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10.

Prepare a 10 % alamarBlue® solution in HBSS.

Remove culture medium from collagen sponges / gelatin films and wash
three times with HBSS.

Add 0.4 ml of alamarBlue® in each well and a negative control of 10%
alamarBlue® alone.

To obtain the background absorbance, add HBSS to empty wells.

Incubate for 3 h at 37<C, 5 % CO2and 95 % relative humidity.

Transfer 200 pl of each well in a clear 96-well plate.

Measure the absorbance at the wavelength of 570 nm and 600 nm.

Subtract the absorbance value of HBSS to the absorbance value of
alamarBlue® alone to obtain the absorbance of alamarBlue®. For 570 nm
this value is called absorbance of the oxidised form at lower wavelength
(AOLW) and for 600 nm it is called absorbance of the oxidised form at higher
wavelength (AOHW).

Calculate correlation factor: RO = AOLW / AOHW

Calculate the percentage of alamarBlue® reduced (AR) by the cells using the
following equation: AR =AOLW-(AOHW*R0)*100.

A.16. Cell proliferation assay using Quant-it™ Picogreen®

Materials and equipment

HBSS
Quant-it™ PicoGreen® dsDNA Reagent and Kits
96-well plate

Methods
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Remove culture medium from collagen sponges / gelatin films and wash
three times with HBSS.

Add 200 pl of DNase free water into each well.

Repeatedly freeze-thaw cells at -80 <TC at least three times to lyse the cells.
Prepare a 1X TE buffer from the 20X stock solution.

Prepare PicoGreen® working solution: 9ml 1X TE buffer; 45ul concentrated
PicoGreen.

Note: If more reactions are required, scale up appropriately.

Add 100 ul PicoGreen® working solution to the collagen sponges / gelatin
films and incubate at room temperature for 5-10 min, protect the reaction
from light.

Prepare a standard curve of DNA solution (0, 5, 10, 25, 50, 100, 500 and
1,000 ng/ml) using DNase free water as described in the following Table 5.
Transfer 100 pl of each sample and DNA standard curve solution into a 96-
well plate.

Measure the fluorescent at excitation and emission wavelengths of 480 nm
and 520 nm.

Table A.5: Detailed preparation of the DNA standard curve.

Final DNA Volume of 2 Volume of 50
Water volume
concentration pg/ml DNA ng/ml DNA
(ng/ml) ®h stock (ul) stock (ul)

1000 200 200 0

500 300 100 0

100 380 20 0
50 0 0 400
25 200 0 200
10 320 0 80
5 360 0 40
0 400 0 0
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A.17. Cell viability assay using Live/Dead staining

Materials

e HBSS
e (Calcein AM

e FEthidium homodimer-1

Methods

1. Prepare staining solution by diluting calcein AM to 4 uM and ethidium
homodimer-1 to 2 uM in HBSS.

2. Remove culture medium from collagen sponges / gelatin films and wash
three times with HBSS.

3. Add staining solution to the samples (enough volume to cover the sample
completely).

4. Incubate at 37 <C, 5 % CO- and 95 % relative humidity for 30 min and protect
the reaction from light.

5. Remove staining solution and wash cells with HBSS to remove excess dye.

6. Stained samples are visualised using a confocal laser microscope (for
collagen sponges) / an inverted fluorescence microscope (for gelatin films):

e Calcein AM: fluorescein isothiocyanate (FITC) filter.

e FEthidium homodimer-1: texas red filter.

A.18. Fixation and embedding of collagen sponges

Materials and equipment

e 1xPBS

e Paraformaldehyde (PFA)

e Sucrose-PBS

e Optimal cutting temperature compound (OCT)
e Liquid nitrogen

e Cryostat
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Adhesion glass slide

Methods

1.

Remove culture medium from the collagen sponges and wash three times

with 1x PBS.

Fix collagen sponges in 4 % PFA for 30 min at 4 <C.

Wash collagen sponges once with 1x PBS at 4 <C.

Cryoprotection (for cryo-embedding):

e First step: Incubate collagen sponges in 15 % sucrose-PBS at 4 <C
overnight.

e Second step: Incubate collagen sponges in 30 % sucrose-PBS at 4 <C
overnight.

Embed collagen sponges in fresh OCT and snap freeze with liquid nitrogen

and store at -80 <C.

Cryosection collagen sponges using a Cryostat at 5-10 um in thickness and

collect on adhesion glass slides.

Let slides air dry at room temperature for at least 1 h.

Store slides at -20 <C.

Note: Avoid freeze-thaw cycles during the storage of slides.

A.19. Alcian blue staining

Materials and equipment

Glacial acetic acid

1x PBS

Alcian blue solution (pH 2.5)

Nuclear fast red solution

Graded ethanol solution (70%, 90%, 100% I, 100% II)
Xylene

Dibutylphthalate polystyrene xylene (DPX)
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Methods

1.
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10.
11.

12.
13.

Take collagen sponges cryosection slides out from -20 <C freezer and let
them dry at room temperature for 10-20 min.

Rehydrate the slides in 1x PBS for 5 min.

Incubate the slides in 1 % acetic acid for 3 min.

Stain with Alcian blue solution pH 2.5 for 30 min.

Stop staining reaction in 1 % acetic acid.

Rinse slides briefly in distilled water.

Counterstain with 0.1 % nuclear fast red solution for 5 min.

Rinse slides briefly in distilled water.

Dehydrate rapidly in grades of 70%, 90%, 100% I, 100% Il ethanol, each for
30 sec to 1 min.

Clean the slides with xylene twice until mounting.

Mount the slides with DPX.

Note: Process Step 10 and 11 in fume hood to avoid the toxicity of xylene
and DPX.

Air dry the slides in fume hood for at least 12 h.

Capture images under a light microscope.

A.20. Haematoxylin & Eosin staining

Materials and equipment

1x PBS

Mayer’s Haematoxylin

Eosin Y solution (50 % of ethanol and 0.15 % of eosin)
0.5 % HCl-ethanol

1 % acetic acid

Graded ethanol solution (70%, 90%, 100% I, 100% I1I)
Xylene
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Dibutylphthalate polystyrene xylene (DPX)

Methods

1.
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10.
11.

12.
13.

Take collagen sponges cryosection slides out from -20 <C freezer and let
them dry at room temperature for 10-20 min.

Rehydrate the slides in 1x PBS for 5 min.

Stain with Mayer’s Haematoxylin for 5 min.

wash slides in 0.5 % HCI-ethanol for 1-3 sec to destain the connective tissue.
Stop reaction in 1 % acetic acid.

Bluing under running tap water for 10 min (colour change: red to blue).
Counterstain with eosin Y solution for 30 sec.

Stop the reaction in 1 % acetic acid.

Dehydrate rapidly in grades of 70%, 90%, 100% I, 100% Il ethanol, each for
30 sec to 1 min.

Clean the slides with xylene twice until mounting.

Mount the slides with DPX.

Note: Process Step 10 and 11 in fume hood to avoid the toxicity of xylene
and DPX.

Air dry the slides in fume hood for at least 12 h.

Capture images under a light microscope.

A.21. Sulphated glycosaminoglycan (sGAG) assessment

Materials and equipment

1x PBS

Papain extraction reagent
Blyscan™ sGAG assay kit
96-well plate

Methods
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Remove the medium and wash collagen sponges three times with 1x PBS.
Transfer collagen sponges to 1.5 ml microtubes.

Add 200 ul papain extraction reagent to each sample.

Incubate for 3 h at 65 <C with occasional mixing.

Prepare Glycosaminoglycan standard curve using aliquots containing 1, 2, 3,
4 and 5 pg of the reference standard. The standards and the reagent blank (0
ng) are used to produce a calibration curve.

Add 1 ml Blyscan dye reagent to each sample and incubate under gently
shaking for 30 min.

Note: During this time period, a sulphated glycosaminoglycan-dye complex
will form and precipitate out from the soluble unbound dye.

Centrifuge the samples at 17,000 g for 10 min.

Carefully drain the unbound dye solution. Any remaining droplets can be
removed from the tubes by gently tapping the inverted tube on a paper tissue.
Note: Do not attempt to physically remove any fluid that is in close contact
to the deposit.

Add 0.5 ml dissociation reagent to the remaining SGAG droplets to release
the bound dye into the solution.

When all the bound dye has been dissolved, centrifuge at 12,000 rpm for 5
min to remove foam.

Transfer 200 i of each sample to a 96-well plate and measure the absorbance
at 656 nm.

A.22. RNA isolation

Materials and equipment

75% ethanol

Isopropanol (2-propanol, isopropyl alcohol)
TRI-Reagent®

Chloroform

Glycoblue

210



Appendices

e Ambion® RNA Storage Solution
e RiboSafe RNase inhibitor
e NanoDrop 2000c Spectrophotometer

Methods

Note: Store 75% ethanol, isopropanol and Ambion® RNA storage solution on

ice.

1. Collagen sponges were homogenised using surgical scalpels.

2. Add TRI-Reagent® to collagen samples.

3. Incubate collagen samples at room temperature for 5 min under vortex to
allow the complete dissociation of nucleoprotein complexes.

4. Add 100 i of chloroform per 1 ml TRI-Reagent® used in Step 2, shake
vigorously for at least 15 sec and incubate for 5 min at room temperature.

5. Centrifuge at 12,000 g for 15 min at 4<C to generate 3 phases: upper,
colourless aqueous phase; white interphase; lower, red organic phase.

6. Transfer the colourless aqueous phase solution to a new RNase-free tube
without disturbing the interphase.

Note: Repeat Steps 4, 5, 6 to get purer RNA.

7. Add 1 (actual) volume of Isopropanol (2-propanol, isopropyl alcohol) into
colourless aqueous phase solution and add 1 i Glycoblue, mix thoroughly
and incubate for 30 min at -20<C.

8. Centrifuge at 12,000 g for 30 min at 4<C. The RNA will appear as a blue
pellet.

9. Carefully discard the supernatant without destroying the RNA pellet.

10. Wash the RNA pellet by adding 1 ml of 75 % ethanol for every 1 ml of TRI-
Reagent® used in Step 2.

Note: Air dry the RNA pellet for no longer than 5 min to avoid the decrease
in the solubility of pellet.

11. Resuspend the pellet in the Ambion® RNA storage solution, supplemented
with 0.5 il RiboSafe RNase Inhibitor.

12. Measure RNA integrity with NanoDrop 2000c Spectrophotometer.
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Note: OD 260/280 should be between 1.9 ~ 2.0.

13. Store RNA samples at -80 <C for long term storage. Or reverse-transcribe
RNA into cDNA immediately.
Note: Avoid freeze-thaw cycles of RNA.

A.23. cDNA synthesis
Materials and equipment

e iScript™ reverse transcription supermix
e Nuclease-free water

e Thermal cycler

Methods

Note: 1 |g of total RNA is suggested for cDNA synthesis.

1. Prepare cDNA synthesis reaction as described in the following Table 6.

2. Mix cDNA synthesis reactions thoroughly by pipetting up and down several
times.

3. Incubate the complete reaction mix in a thermal cycler using the following
steps:
e Priming: 5 min at 25 <C.
e Reverse transcription: 20 min at 46 <C.
e RT inactivation: 1 min at 95 <C.

4. Store cDNA samples at -20 <C for long term storage.

Table A.6: Reaction setup for a single cDNA synthesis reaction.

Component Volume ()

iScript reverse transcription supermix 4
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Variable (volume calculated based
RNA sample (1 g total RNA) _
on RNA concentration)

Variable (volume can be adjusted
Nuclease-free water
based on RNA volume)

Total volume 20

A.24. Quantitative real-time PCR

Materials and equipment

CDNA (1-5 ng/ul): stored at -20 <€, keep on ice, vortex and spin down before
use.

TagMan® Primer Probe Assays: stored at -20 <€, thaw on ice, protect from
light and spin down before use.

TagMan® Gene Expression MasterMix, stored at 4 €.

Nuclease-free water

DNAzap

10 % bleach

70 % ethanol

96-well PCR plate

Adhesive films

Methods

Note: Clean all surfaces with 10% bleach, DNAzap and 70% ethanol. Keep all

reagents clean.

1.
2.

Thaw TagMan® Primer Prober Assays on ice and protect from light.
Prepare TagMan® Gene Expression MasterMasterMix for target genes as
described in the following Table 7.

Place the 96-well PCR plate on ice and put 1 pl of cDNA in each well.
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. Add the respective TagMan® Gene Expression MasterMasterMix to each
well.

. Seal the plate properly with the adhesive film.

. Centrifuge the plate briefly to remove the air bubble.

Run the qPCR using Applied Biosystems (Ireland) StepOnePlus™ Real Time
PCR System.

Default amplification conditions: 50 <C for 2 min, 95 <C for 10 min, followed
by 40 cycles of 95 <C for 15 sec and 60 <C for 1 min.
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Table A.7: TagMan® Gene Expression MasterMasterMix setup for a 15 ul

gPCR run
Component ‘ Volume ()
TagMan® Gene Expression Je
MasterMix

TagMan® Primer Probe Assay 0.75
Nuclease free water 5.75

cDNA 1

Total volume 15

Note: cDNA is not added to the TagMan® Gene Expression MasterMasterMix.
cDNA is added to each well of 96-well PCR plate.
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