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THESIS SUMMARY

Articular cartilage defects represent a major clinical challenge due to the lack of long-term
management options available for young patients who present with a symptomatic and

functional burden.

Microfracture is the traditional standard treatment of care and has no long-term benefit
demonstrated beyond 2 years, with patients reporting symptom relapse and functional
compromise. Other techniques used to treat chondral defects include Autologous
Chondrocyte Implantation and Matrix-induced Autologous Chondrocyte Implantation, both
of which are not superior in comparison to the cheap and easily performed microfracture

technique.

Cartilage tissue engineering approaches using stem cells and bioscaffolds have become of
significant research focus; additionally, the emergence of bioprinting technology has opened
up the ability to efficiently and accurately deliver engineered tissue constructs. Biological
tissue can be generated by printing cells and scaffolds together in a ‘bioink’ composition
rather than using prefabricated scaffold constructs; this approach is coined ‘Biofabrication’,

which is a rapidly growing field.

Biofabrication approaches show promise in treating chondral defects; however, we are no
closer today to a human clinical trial. Several hurdles currently prevent the progression of
such research; a significant barrier is the use of long periods of laboratory-based cell culture
and expansion. This increased culture duration leads to concerns with the use of animal
serum-based media, sterility, senescence, loss of differentiation potential, and tumorigenic
transformation. To overcome these issues, human tissue harvest, cell isolation and
reimplantation should be performed efficiently, thereby reducing the exposure to the risks
mentioned above. Furthermore, by establishing a specific timeframe in which a biofabrication
procedure can be achieved, surgical planning and patient preparation can be structured and

adequately performed.

This thesis aimed to develop an efficient biofabrication procedure for cartilage repair using
an autologous cell population, which could produce neocartilage in clinically relevant defects.

The chapters in this work present several critical developments concerning the overall aim.



First, the most chondrogenic cell source from those tested within the knee joint was identified
to be the human Adipose-Derived Stem Cell (hADSC). A rapid 85-minute hADSCs isolation
protocol from the Infrapatellar Fat Pad (IFP) was then developed by optimising the time-
consuming aspects of the standard IFP-derived hADSCs isolation protocol (>27 hours) and

shown to be comparable.

Secondly, the minimum chondrogenic requirements of rapidly isolated hADSCs before
reimplantation were established. It was determined that 5 days is the earliest time point
during cellular expansion in which hADSCs could be driven into chondrogenesis. Therefore,
the minimum biofabrication turnaround time is roughly 1-week (5 days and 85 minutes to be
precise). Next, 5.0 million hADSCs/mL of a biocompatible hydrogel was shown to be the
minimum concentration required to produce in vitro neocartilage. Finally, the maximum
defect volume treatable in a 1-week turnaround was shown to be 380 pL (mm3) or 760 L

(mm?3) using one or two IFPs respectively, representing clinically significant defect volumes.

The next section of this thesis aimed to establish a biofabrication model that could be adapted
for surgical use and be implemented in an animal model. In this chapter, a safe, efficient and
user-friendly procedure was designed and validated in vitro. First a representative cell source
was selected and validated. Next, suitable hydrogel compositions and gelation times were

identified, and finally, a safe intraoperative crosslinking set-up was developed.

The final element of this work was a proof of concept study, where the newly devised
biofabrication approach was performed on a rabbit model to evaluate chondral repair. This
procedure was successfully implemented, and the associated degree of cartilage repair was

superior compared to the microfracture (clinical standard) and empty control groups.

In conclusion, an efficient 1-week biofabrication approach was established for chondral
repair, and this approach was shown to treat clinically significant defect volumes. The newly
developed procedure has been validated for short term repair in vivo and is superior to the
existing standard treatment. The next step is to provide mid-long-term efficacy of therapy in
vivo using a large animal model, which if successful, paves the way to human translation. This
work presents promise in the future management of chondral defects in young patients with

a low-risk strategy that could one day treat/halt the progression to early-onset osteoarthritis.
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CHAPTER 1: INTRODUCTION
AND LITERATURE REVIEW
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1.1 INTRODUCTION

Articular hyaline tissue is a specialised form of cartilage, allowing for shock absorption and
the transmission of large amounts of force, ultimately contributing to skeletal movement and
function (1). Although this tissue is strong and resilient, once injured, there is no intrinsic
ability to self-repair or regenerate (2). Therefore, articular cartilage (chondral)

defects/injuries are a major clinical challenge in the field of musculoskeletal medicine.

Non-surgical management options such as pharmacological agents can be dispensed orally or
delivered as an intra-articular injection. Oral medications can provide symptomatic control;
however, they have no evidence for cartilage repair or regeneration (3). Intra-articular stem
cell injections are associated with an early improvement in symptomatic benefit up to 2 years
(4); however, there is no evidence supporting long-term clinical outcome or cartilage

regeneration (5).

Regarding isolated chondral repair, several surgical options are available, including
Microfracture (MF), Autologous Chondrocyte Implantation (ACl) and Matrix-induced
Autologous Chondrocyte Implantation (MACI) (6). MF repair is an arthroscopic technique
where the subchondral bone is fractured to allow blood from the bone marrow to enter, clot
and stimulate cartilage repair (7). It is the current standard of care for isolated chondral
defects and provides up to 2 years of symptomatic and functional benefit (8). Clinical trials
performed using ACl and MACI aimed to provide a more extended therapeutic benefit; to
date, they have not demonstrated superiority over the cheaper and easily performed MF

procedure (9, 10). Therefore, MF has remained the go to treatment option, albeit a poor one.

Emerging research over the past few decades has focussed on tissue-engineering (TE), a
technique in which tissue is created and maintained in vitro using cells, bioscaffolds, chemical
and physical stimulation (11, 12). Advances in bioprinting technology over the past decade
have expanded the field of TE. The definition of bioprinting is “the process of patterning
biomaterials in an organisational manner’” (13). More recently, the concept of biofabrication
has emerged, which could be described as the combination of TE and bioprinting techniques
(14). Biofabrication technology enables the creation or delivery of tissue constructs in a
precise and controlled fashion (14). These developments in the research field are promising;

however, we are still no closer to translating these techniques into human clinical trials.

19



1.2 ARTICULAR CARTILAGE

1.2.1 GENERAL

Articular hyaline cartilage is a specialised form of connective tissue found in the freely
moveable joints (diarthrodial/synovial joints) of mammals. It provides a structural and
biological barrier between two bony surfaces leading to a smooth, uniform range of motion
(2). Articular cartilage has unique biomechanical properties stemming from its structure and
composition (15). The lubricated surface provides a low friction environment allowing for
shock absorption and efficient articular motion. The extracellular matrix (ECM) and high-

water content provide resistance to forceful and repetitive compressive and shear forces (1).

1.2.2 DEVELOPMENT

During embryogenesis (Figure 1.1), limb cartilage is specifically formed (initiation) via the
lateral plate mesoderm (16). Then during limb growth and development, the lateral plate
mesoderm, apical and lateral ectoderm layer contribute to the outgrowth and patterning of
the limbs (16). Forelimb development (upper limb in humans) occurs ahead of the hind limb

(lower limb humans).

Limb
development
- P r,":'__
- "\\‘
\\ >
—
Phase 1) Initiation
2) Outgrowth and patterning
3) Differentiation, ossification
| Apical and lateral plate ectoderm |
Region
| Lateral plate mesoderm I

Figure 1.1. Limb development: phases and regions involved. Modified and used with
permission from Lippincott Williams & Wilkins/Wolters Kluwer Health (Langman’s Medical
Embryology 12 edition) under the Creative Commons Attribution 4.0 International License

(17).
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The formation of cartilage (chondrogenesis) is a dynamic cellular process, where
mesenchymal progenitor cells are recruited, then migrate and condense (18). This is followed
by differentiation into the various types of cartilage tissue (hyaline, elastic and fibrous). The
surrounding tissue and epithelium influence the differentiation of mesenchymal progenitor
cells into chondrocytes (18). Chondrogenesis is tightly regulated by cellular interaction with
the extracellular matrix (ECM), growth factors and environmental factors that can activate or

suppress cellular signalling pathways and gene transcription, (Figure 1.2) (18).

Condensation

Proliferation Differentiation Termina
& Differentiation & Maturation Differentiation

FGF2, Runx2, Trps1
Sox trio, Wntsa

HiFs

140,221)

PPARY. Sox Hypertrophic
) HDACs(2.3.4 Chondrocytes

Figure 1.2. Mechanism of chondrogenic regulation. Signalling molecules, transcription factors,
microRNAs and other regulators are listed. Positive requlators are shown in green, while the
inhibitory regulators are shown in red. Used with permission from Genes and Diseases under

the Creative Commons Attribution 4.0 International License (19).

Cartilage is a precursor to endochondral ossification, a process where bone gradually replaces
cartilage in a systematic manner (Figure 1.3) during development (20). In adulthood, cartilage
is evident on the articular surfaces and within the growth plates of bone, which permits
growth during childhood (20). From mature skeletal age onwards, hyaline cartilage is
apparent only at the lubricated articular surface of limb joints. This tissue is specialised to
enable the reduction in friction at the moveable joint surface and serves as a shock-absorber
to the underlying bone (21). Like other connective tissues, cartilage contains few cells and has
a large amount of ECM, mostly in the form of collagens and proteoglycans (15). However,
unlike other connective tissues, it lacks a blood supply and neural innervation, resulting in the

lack of or reduction in the ability to repair and regenerate (2).
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Figure 1.3. Endochondral ossification pathway. (a) Mesenchymal cells differentiate into

chondrocytes. (b) The cartilage model of the future bony skeleton and the perichondrium form.
(c) Capillaries penetrate cartilage. Perichondrium transforms into periosteum. Periosteal
collar develops. Primary ossification centre develops. (d) Cartilage and chondrocytes continue
to grow at ends of the bone. (e) Secondary ossification centres develop. (f) Cartilage remains
at epiphyseal (growth) plate and the joint surface as articular cartilage. Used with permission
from Anatomy and Physiology (OpenStax book) under the Creative Commons Attribution 4.0

International License.
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1.2.3 COMPOSITION
Articular cartilage is composed of a dense ECM with only one cell type, the chondrocyte. The
ECM (Table 1.1) is primarily composed of water, collagen type Il, proteoglycans (15) and small

amounts of glycoproteins and non-collagenous structural proteins.

Component Wet Weight % Dry Weight % Function

Collagen Type 2-10-20 50-75 Tensile resistance
Other types <2

Proteoglycans 5-10 20-30 Compressive and flow-

dependent resistance

Chondrocytes <5-10 <5-10 ECM regulation

Water and electrolytes (E.g. 60-80 - Nutrition exchange with
Sodium and Potassium) synovium and lubrication
Glycoproteins and other <1% <1% Organisation/structural
non-collagenous proteins maintenance of ECM

Table 1.1. Major components of the articular cartilage extracellular matrix. The total volume
percentage of each element varies with the solid (dry) and fluid (wet) phase transformations

that occur.

Collagen is the main component of the ECM, and in articular cartilage type Il collagen
predominates with other types being type |, IX, X and Xl (22). Collagen molecules form fibres,
which are crosslinked to create a fibrillar network that entraps other ECM components. The
collagen network provides cartilage with its tensile strength (22). Hyaluronic acid (HA) is a
large, non-sulphated glycosaminoglycan (GAG) molecule that facilitates the aggregation of
proteoglycan (PG) monomers such as aggrecan (23). Aggrecan collects small, negatively
charged, sulphated GAG (sGAG) molecules such as keratin sulphate and chondroitin sulphate.
The net negative charge of the tissue generated by a large number of sGAG units attracts
positively charged cations such as Na* (sodium) and K* (potassium,) which leads to an influx
of water into the tissue in a non-loaded state (24). This effect provides articular cartilage with

compressive strength and the initial ability to shock-absorb.
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1.2.4 STRUCTURE- ARTICULAR CARTILAGE ZONES
Variations in structure and composition are seen in the different depth ‘zones’ of articular

cartilage (Figure 1.4), enabling it to resist complex loads and forces encountered during daily

activity (1).
Chondrocyte Collagen Matrix
Morphology Organisation Composition
P ———— c_> COEEXIIXn o
== Eee s o
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\
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Figure 1.4. Hyaline cartilage morphology and structure. Superficial Zone (5Z). Middle Zone
(MZ), Deep Zone (DZ), Calcified Zone (CZ) and Subchondral Bone (SB). Modified and used with
permission from Frontiers in Surgery under the Creative Commons Attribution 4.0

International License (25).

The Superficial Zone (SZ), which is the outermost zone directly in contact with synovial fluid,
contains dense collagen fibrils orientated parallel to the articular surface, with a relatively
high density of ellipsoid-shaped chondrocytes (26). The SZ accounts for 10%—20% of cartilage
depth and is essential for distributing loads over a larger surface area, thus protecting cells

against impact loading, shear and tensile forces (1).

The Middle or “Transitional” Zone (MZ), contains collagen fibrils orientated obliquely,
contributing to the resistance of shear loading encountered at the cartilage surface (26).

Accounting for 40%—60% of the cartilage depth, the MZ is a transitional region between the
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SZ and Deep Zone (DZ), and in comparison to the SZ, the MZ has a higher PG content and a

lower density of spherically shaped chondrocytes (1).

The DZ or “Radial zone” is heavily abundant with collagen fibrils which are orientated
perpendicular to the articulating surface and accounts for 30-40% of cartilage depth (1). The
DZ has a higher PG content compared to the MZ and the lowest density of chondrocytes.
These chondrocytes are vertically aligned (26). The DZ provides the highest resistance to
compressive forces (1). The Calcified Zone (CZ) anchors cartilage to the underlying
subchondral bone and is separated from the DZ by a demarcated calcified line, the “Tidemark”

(27).

1.2.5 BIOMECHANICAL PROPERTIES

Hyaline cartilage is a smooth connective tissue with a lubricated weight-bearing surface,
allowing for even distribution of mechanical load to the subchondral bone. Its specialised
biomechanics relies heavily upon the structural and biochemical organisation, where water,
proteoglycans and collagen interact to provide compression, tension and shear properties

(28, 29).

During compression, hyaline cartilage functions as a biphasic medium, consisting of 2 phases:
a fluid phase and a solid phase (28). Water is the primary component of the liquid phase,
while the porous and permeable ECM characterises the solid phase. The relationship between
PG aggregates and the interstitial fluid provides compressive resistance through negative
electrostatic repulsion (30). Contact forces to the articular surface during joint loading
(compression) causes an immediate increase in the interstitial fluid pressure, leading to fluid
flow out of the ECM, this reverses with the removal of the compressive load (30). The low
permeability of articular cartilage prevents fluid from being rapidly squeezed out of the matrix
(28, 31). The bones of the joint confine the cartilage under the contact surface, creating a

boundary designed to restrict mechanical deformation.

Another important, specialised function of articular cartilage is viscoelasticity, viscoelastic
materials display both viscous and elastic material properties, and exhibits time-dependent
behaviour when subjected to a constant load or deformation (Figure 1.5) (32). When constant

compressive stress is applied to the tissue, its deformation increases with time, and it deforms
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or creeps until an equilibrium value is reached (33). Similarly, when the cartilage is deformed
and held at a constant strain, the stress will rise to a peak, which will be followed by a slow
stress-relaxation process until an equilibrium value is reached (33). These properties allow
cartilage to counteract large amounts of load, leading to reduced stress acting on the solid

matrix during times of high demand joint activity.
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Figure 1.5. Viscoelastic behaviour of articular cartilage. (A) In a stress-relaxation test,
displacement is continuously applied until a desired level of compression is reached. This
displacement results in a rise in force, followed by a period of stress relaxation until an
equilibrium force value is reached. (B) In a creep test, a step force is suddenly applied
(stepwise) onto cartilage, resulting in a transient increase in deformation (i.e., creep).
Modified and used with permission from Medicine and Science in Sports and Exercise under

the Creative Commons Attribution 4.0 International License (34).

Tensile strength is provided by the sliding of cartilage units against each other which leads to
stretching of the elastic collagen fibrils in the superficial tissue zone (32). Shear associated

deformation is evident during normal joint articulation, and the shear strain reduces
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proportional to the depth of cartilage tissue, this is due to the structural variation from a
tangential to arch-like collagen fibre orientation leading to a larger shear-modulus in deeper

zones compared to the superficial zone (35).

The friction coefficient of health articular cartilage is described as 5.0 x 103 - 2.5 x 102, which
is lower than that of any synthetic material (24, 36). Low friction between articular surfaces
can be contributed by elasto-hydrodynamic lubrication squeeze film lubrication (synovial
fluid), boundary lubrication, and fluid pressurization (37-42). Under load, the interstitial fluid
of cartilage de-pressurizes over time and the compressive and frictional forces are
increasingly supported by the solid components of the cartilage matrix (e.g., the collagen
network), and boundary lubrication becomes the dominant mechanism of lubrication (43,
44). Deficient or defective lubrication is likely to play a key role in the development of
osteoarthritis (45, 46); however, surprisingly few studies have investigated the consequences
of tribology (lubrication, friction and wear) on the cartilage disease and tissue engineering,

which could be due to the lack of suitable model systems (45-47).

1.2.6 AGEING PROCESS

Age-related changes in hyaline cartilage affect both the cells and the ECM. A change in either
will aggravate the other since an altered ECM leads to increased mechanical stress on cells,

while cell loss/dysfunction leads to the deficient regulation of the ECM (48).

With increasing age, the zonal distribution of chondrocytes changes; however, the total
number of chondrocytes generally remains unchanged. Chondrocyte numbers reduce
significantly in the superficial zone, whereas there is an increase in the number of cells in the
deeper layers where proliferation leads to ‘cell clusters/cloning’ (49). This abnormal
chondrocyte activation, however, does not contribute significantly to repair. With age, the
matrix- water content reduces, leading to an increase in the compressive stiffness (50);
furthermore, the size of PG aggregates within the ECM decreases, ultimately affecting the
pore size distribution and solute permeability. Age-related changes to hyaline tissue
composition and structure can lead to micro-tears which can propagate over time into

significant and symptomatic defects compromising joint function.
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1.2.7 POST TRAUMATIC ARHTRITIS

Post-traumatic arthritis (PTA), results from either direct chondral damage secondary to
trauma such as motor vehicle accidents or sporting injury, or from repetitive microtrauma
such as occupational injuries (51). Between 20-50% of PTA patients are reported to develop
osteoarthritis (OA), with PTA accounting for roughly 10-15% of osteoarthritis cases (52, 53).
Generally, symptoms of PTA (swelling and pain) resolve spontaneously, the persistence of
symptoms beyond 6 months is considered chronic and can lead to early onset PTA-related
osteoarthritis (PTOA) (51). Common causes leading to PTOA include intra-articular fractures
and meniscal, ligamentous and chondral injuries (54). Given the earlier onset of symptoms
and the level of disability to young working patients, PTA is a key focus of research with the
aim of preventing/decelerating, the need for joint replacement. Furthermore, compared to
OA, PTA can be identified early and acted upon prior to the development of a significant

change in the arthritic environment (51).

Although many agents have been tested in preclinical studies, there are no approved
therapies targeting acute PTA; therefore, chronic PTA can’t be prevented. The primary goals
of PTA treatment are symptomatic relief leading to a reduction in pain and loss of function.
These treatments include anti-inflammatory agents (non-steroidal anti-inflammatory drugs
or intra-articular injections of cortisone), low impact exercise (e.g. swimming) and lifestyle
modification such as adequate weight control (51). However, not all patients benefit from
non-operative conservative management, and chronic arthritis can develop for which surgery

is the next option.

Anincreased understanding of the molecular, mechanobiological and cellular events involved
in the pathogenesis of chronic PTA may open interesting perspectives concerning new
therapeutic opportunities and thereby offer patients safer and more effective drugs (55).
Many molecules have been explored as potential targets for treatment in preclinical studies

which will be detailed in the next section: Current treatment strategies.

Irrespective of the nature of the injury, cartilage is unable to self-repair (2) due to its avascular
and aneural nature (2, 24). This limited capacity to intrinsically heal is a significant challenge
in the field of orthopaedics. Overtime with no treatment, fibrocartilage is formed at the defect

site; this is a stiff form of cartilage that is functionally different from hyaline cartilage (56).
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Precise repair of tissue is required to preserve articular cartilage function, which is highly
dependent on its oriented architecture (23). The unique and complex structure of articular

cartilage makes it challenging to adequately repair damage (57).

Notably, the knee is the most commonly injured joint with respect to chondral injuries and
the development of PTOA (58, 59), approximately 60% of diagnostic knee arthroscopies
report significant defects (60). The knee is the largest joint in the body, and there is a
substantial transmission of force through it with daily activity and in traumatic injury patterns
(61). Therefore, research is mostly focussed on chondral defect repair techniques using the

knee joint as a model of articular cartilage.

1.3 CURRENT TREATMENT STRATEGIES

1.3.1 NON-SURGICAL OPTIONS

Physical activity and pharmacological therapies

The main aims of non-surgical treatments are to improve function and reduce pain. Physical
activity and exercise are non-invasive, non-pharmacological strategies that can assist with
symptom burden and overall health (62, 63). Notably, no pharmacological agent has been

able to promote cartilage regeneration effectively.

Analgesic pharmacologic agents assist with pain control for patients with symptomatic
chondral lesions, and adequate analgesia can improve daily functional activity; however, each
agent has its own safety profile, and the long-term use of analgesics can be systemically
detrimental (64). Supplements such as glucosamine and chondroitin sulphate (CS) can help
control pain and slow cartilage degradation (65). Glucosamine and CS serve as building blocks
for glycosaminoglycan (GAG) and hyaluronic acid (HA) synthesis and are thought to facilitate
and theoretically promote cartilage repair (25). The analgesic effects of these drugs have been
shown to be comparable to other oral analgesics; however, there are no high-quality

prospective studies to support this (66).

Intra-Articular Pharmacological Therapies
Pharmacological agents can be directly administered into the knee joint in an injectable form;
these include Orthobiologics, Corticosteroids (CS), Hyaluronic acid (HA) and Platelet Rich

Plasma (PRP).
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Orthobiologic strategies investigated to treat OA include biological inhibitors,
chemo/cytokine and growth factors. Injection of ECM-degrading enzyme inhibitors, such as
matrix metalloproteinases (MMPs) (67), and pro-inflammatory factors, such as interleukin- 1
(IL-1) (68) and tumour necrosis factor alpha (TNF-a) (69) could inhibit pathological signalling
pathways. Endogenous stem/progenitor cell recruitment using chemo- or cytokine-
attractants, such as TGF-f (70), or growth factors, such as bone morphogenetic proteins
(BMPs), insulin-like growth factor-1 (IGF-1), and fibroblast growth factor (FGF-2) could

stimulate cartilage and bone regeneration and potentially treat OA (71, 72).

Despite the successful use of all these agents in reducing the progression of chronic PTA in
animal models, only one small randomised pilot clinical trial has been performed (73). In this
study, IL-1Ra injected intra-articularly within 30 days of ACL injury, reduced pain and
improved function at 2 weeks compared to placebo (73). Although this strategy has proved
to be efficacious in the early postinjury phase, the results obtained must be confirmed in

larger and longer-term studies to demonstrate prevention of chronic PTA.

Intra-articular (IA) CS injections are indicated in the management of acute joint pain or
inflammation associated with known cartilage injury in patients who have failed or exhausted
the use of oral analgesic therapies (74). Symptomatic relief is reported to last up to six weeks;
however, there are well documented idiosyncratic responses and a paucity of clinical studies
that support their efficacy (75). Cartilage degradation and arthropathy have been reported to
occur with repeated IA-CS injections; thus, no more than three injections are recommended

per year in any one joint and should be used judiciously (76, 77).

HA is a large, naturally occurring, viscoelastic GAG that is present in both the articular cartilage
and synovial fluid (78). Physiologically, HA aids in the absorption and distribution of forces
during high-impact activities while acting as a viscous lubricant during slow movements (79).
Supplementation with IA-HA aims to provide and maintain intra-articular lubrication leading
to an increase in the viscoelastic properties of the synovium, this is known as
‘viscosupplementation’(80). The development of higher molecular weight IA-HA formulations
> 500 kDa (kilodaltons) have been shown to provide up to 6 months of pain relief (81, 82).
However, there is no evidence to support a persistent increase in HA content after the rise

from the initial injection (83). A high incidence of side effects have been reported including
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pain at the injection site (1-33%), local joint pain and swelling (<1-30%) and local skin
reactions (3-21%) (84). Furthermore, there is a distinct lack of prospective outcome studies
that have analysed the effectiveness of HA injections in cartilage repair. Therefore,
considering the cost, risk profile and complexity of the intervention, this option is

recommended against (85).

PRP is a plasma-based suspension rich in platelets; it can be autologously derived and is
prepared by using centrifuged blood (86). Platelets are rich in cytokines and growth factors
which can help stimulate cellular growth, proliferation, vascularisation, regeneration and
collagen synthesis (86). PRP can be used in leukocyte-poor and leukocyte-rich form, based on
the collection and separation method. The leukocyte-poor formulation has been shown to
better in several studies (87, 88), which could be due to the significant inflammatory effects
associated with leukocytes (87, 88). Overall with respect to clinical data, IA-PRP injection is a
new technique, which has been poorly studied; there is no consensus on the preparation

technique, platelet concentration, number and frequency of doses to be used (85, 89).

Intra-Articular Stem Cell Therapies

Mesenchymal stem cells (MSCs), can be sourced autologously from different tissues and are
associated with immunomodulatory functions that can assist with anti-inflammatory effects
and in promoting new cartilage-like cells in vitro (90) and in vivo (4). The efficacy of IA-MSCs
injections has been tested in several small randomised controlled studies (91); however,
these are small studies and are at serious risk of bias. A recent meta-analysis demonstrated
that 1A-MSCs have limited evidence in pain relief and functional improvement
associated with osteoarthritis of the knee (5). Furthermore, current evidence didn't
support the use of IA-MSCs for improving cartilage repair in knee osteoarthritis (5).
Given the use of human cells in this IA approach, there is a strong recommendation against
this therapy, until replication of high quality, large randomised controlled trials are performed

and reported (85, 92)
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1.3.2 SURGICAL OPTIONS

Acute high-grade chondral injuries in younger patients and the failure of symptomatic control
with non-operative modalities are indications for surgical repair (93, 94). The goal is to
debride/remove flaps/loose tissue and allow for healing with the proximation of blood or with
cell-based repair (Figure 1.6) (61). Surgical chondral repair options include Microfracture
(MF), Autologous Chondrocyte Implantation (ACI) and Matrix-induced Autologous
Chondrocyte Implantation (MACI) (6, 21, 95, 96) which are indicated based on patient factors
and defect sizes (Table 1.2).
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Figure 1.6. Current surgical cartilage regeneration techniques. (A) A full-thickness chondral
lesion. (B) Initial debridement of the lesion to allow for healthy and stable margins. (C) MF:
Channels are created using a 45° awl to penetrate the subchondral bone, allowing MSCs to
migrate from the marrow to the cartilage defect. (D) ACI: The debrided lesion is filled with
autologous chondrocytes and covered with a periosteal flap membrane. (E) MACI: The
autologous chondrocyte population is expanded in vitro and then seeded onto an absorbable
3D matrix prior to implantation. The scaffold is then secured with fibrin glue. Used with
permission from Nature reviews, Rheumatology, under the Creative Commons Attribution 4.0

International License.
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Lesion Size (Total surface area, cm?) Treatment options

<1.0 Debridement, Microfracture
1.0-2.0 Microfracture, ACI, MACI
2.0-3.0 ACI, MACI

>3.0 ACl or allograft

Table 1.2. Operative treatment indications for chondral repair based on lesion size. ACI,
autologous chondrocyte implantation; MACI, matrix-assisted autologous chondrocyte

implantation.

Microfracture is an arthroscopic technique, where the subchondral bone is fractured to allow
blood from the bone marrow to proximate, clot and stimulate cartilage repair (Figure 1.6C)
(7). ACl is a two-step procedure in which chondrocytes isolated from non-weight-bearing
portions of joints, are expanded in vitro and then reimplanted into an area of cartilage
damage with a periosteal flap (Figure 1.6D), (61). MACI is a progression of the ACl technique,
in which cultured chondrocytes are expanded in vitro then embedded within a matrix/scaffold
and delivered as a cell-scaffold construct which is attached using fibrin glue without the need

for suturing/anchorage of the implant (Figure 1.6E) (97).

Knutsen et al (2007), demonstrated no difference in clinical, histological and radiographic
results five years post-surgery in patients who underwent microfracture versus ACl treatment
(9). A randomised control trial comparing ACI to MACI in 91 patients with chondral knee
defects showed no significant improvement in the overall international cartilage repair scores
(97). Therefore, it is evident that there is no superiority of the newer, more expensive and
technically demanding ACI and MACI techniques compared to the affordable and efficiently
performed microfracture technique. Thus, why microfracture remains the go to standard

surgical treatment option for chondral defects in the knee today (9).

Microfracture associated studies show better functional and symptomatic outcome in
younger patients with small isolated lesions < 2 cm? in total surface area (61). Longer-term
studies, however, show a significant reduction in clinical outcome at 36-month follow-up

(98). Therefore, this technique can only be provided to a small subset of patients and lacks a
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reliable long-term result. Reasons for poor long-term outcomes include fibrocartilage

production, patient age, functional level, location and defect size (98-100).

Techniques such as osteochondral grafting and transplantation are not discussed, as they are
indicated for osteochondral repair, which is outside the scope of this thesis (focus on isolated

chondral repair).

1.4 EMERGING TREATMENT - CARTILAGE TISSUE ENGINEERING

Poor long-term results from the previously mentioned treatment modalities led to the
emergence of research focussed on cartilage tissue engineering (TE). Langer and Vacanti
(1993), first described TE as ‘an interdisciplinary field which applies the principles of
engineering and life sciences toward the development of biological substitutes that restore,

maintain, or improve tissue function’ (11).

Cartilage TE involves using either a mature cell source or a progenitor source which can be
expanded before being embedded within a 3D scaffold. Subsequently, the engineered
construct is exposed to growth factors and molecules which enables for differentiation into
specific tissue. The overall aim is to develop bio-mimetic tissue resembling hyaline cartilage.
Initially, TE was based on three domains: cells, scaffolds and growth factors/cytokines.
Engineered components resembling hyaline cartilage had a significant reduction in
mechanical properties when compared to native cartilage (101, 102). Over time, this has led
to the additional focus on the biomechanical properties, leading to the incorporation of

"physical stimulation’ as the fourth essential domain (Figure 1.7).

Scaffolds

Cartilage tissue
engineering

Chemical/cellular
stimulation

Figure 1.7 (Left). General components

of cartilage tissue engineering.

Once the tissue is generated or constructed, the next step is to implant it into the host. The

approach of transferring bench-made constructs to the host represented a significant
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challenge due to the lack of precise integration into complex defect morphologies. The timely
emergence of 3D bioprinting has opened exciting options for in-situ tissue delivery, as
opposed to the manual transfer of constructs (pre-generated using a bench-based approach)
into the defect. Furthermore, 3D bioprinting can be utilised to deliver constructs in an
efficient and tailored approach, overcoming the unique and intricate morphological patterns
associated with cartilage damage/defects. The combination of tissue engineering and
bioprinting as an overall technique is referred to as ‘biofabrication’. This concept will be

discussed more in detail in section 1.5.1.

1.4.1 CELLS

Different cell potencies and types (Figure 1.8 and Table 1.3) from various sources have been
utilised in cartilage tissue engineering. Early studies incorporated committed chondrocytes,
with sources ranging from neonatal to adult tissue (103-106). Chondrogenesis has been
shown in vitro; however, significant drawbacks include limited tissue availability, low cell
numbers, donor site morbidity and cellular dedifferentiation in vitro (107, 108). Expanded
autologous chondrocytes have been wused as part autologous chondrocyte
transplantation/implantation (ACl); however, no long term clinical improvement (>24

months) or superiority has been shown compared to microfracture (9).

Pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) from the blastocyst and
induced pluripotent stem cells (IPSCs), have also been used in cartilage tissue engineering
(109-112). A significant chondrogenic potential is obtainable using ESCs with the added
advantage of a theoretically unlimited ability to replicate. Issues with the use of ESCs include
ethical concerns due to embryonic tissue utilisation, tumorigenicity risk and immune
response activation leading to rejection (113-116). When sourced autologously, IPSCs, can
overcome some of the issues associated with using ESCs, including ethical concerns and the
activation of an immune response. Several IPSCs sources have been used, and the isolated
primary cells need to be reprogrammed back into a stem cell-like lineage (117). Once
reprogramed, they must be able to produce the following transcription factors: Oct3/4, Sox2,
c-Myc, and KIf4, which are involved in cell proliferation, pluripotency, and differentiation
(118, 119). Recently, Li et al (2016) induced peripheral blood cells to pluripotent stem cells,

the abundance of blood compared to other tissue sources makes this a significant
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development (120). Reprogramming IPSCs can be achieved using viral and non-viral vectors,

which is a complex and time-consuming process.

Finally, Adult MSCs (121-123) have become a significant player in tissue engineering,
particularly in forming chondrogenic tissue (124-126). Many sources of MSCs (Figure 1.8) have
been identified and evaluated, irrespective of the source, MSCs can differentiate into
mesodermal lineage such as chondrocytes, osteocytes, myocytes and adipocytes (127).
Advantages of using MSCs include an abundance of source and cell numbers, readily
harvestable and isolated (128). As they can be derived autologously, they carry less risk than

embryonic stem cells, while still maintaining the ability to replicate for many phases.

Bone marrow (BM) was an early source of MSCs used; BM-derived MSCs are multipotent and
produce tissue of mesodermal lineage (129). BM can be harvested autologously and doesn’t
pose the ethical, tumorigenic, or immunogenic risk associated with the use of pluripotent
stem cells(129). The disadvantages of using BM include low tissue volume and low cell volume
(130-132). BM-derived MSCs are comparable (133, 134), if not inferior, with respect to
chondrogenic potential when compared to adipose-derived MSCs (ADSCS) (135-137). These
factors, in addition to less invasive tissue harvesting techniques, make adipose tissue a more

desirable source.
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Figure 1.8. Different cells used in cartilage tissue engineering based on potency. Embryonic

stem cells — ESCs, Induced pluripotent stem cells -IPSCs, and Mesenchymal stem cells — MISCs.
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Cells Types Advantages Disadvantages
Pluripotent Embryonic stem cells Indefinite self-renewal Ethical concerns
stem cells Multiple lineages Tumorigenicity

Immune rejection
Induced pluripotent Autologous Tumorigenicity
stem cells Indefinite self-renewal Cellular
reprogramming
Instability
Mesenchymal All Autologous Lower chondrogenic
stem cells Abundant capacity compared to
Easily harvested pluripotent stem cells
Chondrocytes Foetal Low immunogenicity Limited availability
Neonatal Low immunogenicity Limited availability
Juvenile Low immunogenicity Limited availability
Adult Autologous Limited availability

Donor site morbidity
De-differentiation

Table 1.3. Comparison of cell sources used in cartilage tissue engineering.

The two major sources of ADSCs are the abdominal fat and infrapatellar fat pad (IFP). The IFP
is an emerging source of MSCs for cartilage tissue engineering (138), although there is less
fat volume in the IFP compared to abdominal fat, chondrogenic potential has been shown to
higher in ADSCs sourced from the IFP (139, 140). Compared to abdominal fat-derived ADSCs
donor matched IFP-derived ADSCs displayed 5- and 8-fold higher levels of aggrecan (ACAN)
and collagen 2 (Col 2) expression respectively (139). Dragoo et al (2003), initially used the
infrapatellar fat pad (IFP) to source MSCs for tissue engineering (141). The IFP develops
between the bones of the knee joint (Figure 1.9) and is located within the joint capsule, near
the distal femur where knee defects commonly occur. It can be opportunistically harvested
during knee arthroplasty or arthroscopy, and stem cells isolated from this tissue demonstrate
high chondrogenic potential (138). Compared to arthroscopy, the entire IFP can be harvested
using arthroplasty, leading to an increased number of cells; however, the percentage of live
cells is the same using both techniques (138). Therefore, if enough infrapatellar fat can be
harvested arthroscopically, this could pave the way for the minimally invasive harvest of

tissue containing IFP-derived MSCS.
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More recently, human articular cartilage progenitor cell (hAPCs), also known as cartilage
progenitor cells (CPCs) or cartilage-derived stem/progenitor cells (CSPCs), have been isolated
from articular cartilage with evidence of chondrogenic potential (142). These cells were first
separated from chondrocytes by Dowthwaite et al (2004), by demonstrating that they
selectively attach to fibronectin-coated tissue culture polystyrene (143). However, there is no
specific biomarker panel to date which can clearly distinguish APCs from expression is thought
to help characterise APCs. This effect of APCs raises the theory of whether they predominate
in the superficial zone (SZ) of cartilage tissue. If so, this could lead to the creation of cartilage

using different cell types in layers that can mimic the different depth “zones” of cartilage.
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Figure 1.9. Ontogeny of the infrapatellar fat pad (IFP). During embryonic development, (a) a
dense mesenchyme tissue arises between the chondrification of the femur (F) and tibia (T), the
interzone (flattened cells in pink). (b) This is followed by cavitation in between this region. (c)
By the 9th week of human development, a triangular space composed of a mesenchymal
tissue becomes visible below the patella (P) (highlighted by the blue dashed). (d) In adulthood,
interzone cells will have contributed to several joint structures (pink), including the IFP
(highlighted by the blue dashed). Modified and used with permission from Stem Cells

International under the Creative Commons Attribution 4.0 International License (144).

1.4.2 SCAFFOLDS

Scaffolds are primarily used in tissue engineering to provide structural support to native tissue
(145, 146). Native cartilage contains structural proteins (e.g. collagen and elastin), adhesive
proteins (e.g. fibrin and laminin) and proteoglycans (e.g. chondroitin sulphate and HA) (147).

Cells must be able to attach to either ECM or be in close contact with other cells to function
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(paracrine) (148). Scaffold-free designs can produce chondrogenesis; however, rely solely on
cell-cell contact and require significant cell numbers (149). Without a scaffold, cells and their

associated ECM lack mechanical and structural integrity leading to high levels of cytotoxicity.

Scaffolds can be classified as natural polymers, synthetic polymers or hybrid (Figure 1.10).
Natural scaffolds are more biocompatible, display less degradation related toxicity and
express native binding sites, thereby mimicking the natural ECM (145). They generally exhibit
inferior mechanical properties compared to synthetic options (145, 150), which can be altered

to control degradation and optimise biomechanical strength.

Several solid polymers and co-polymers have been investigated with respect to cartilage
tissue engineering; their major drawback is the difficulty repairing irregular defects which
exhibit complex morphologies. Softer polymers with the ability to fill defects and

subsequently solidify show promise in cartilage tissue repair (151).

Hydrogels exhibit biomimetic properties like that of soft tissue, such as being printed into
complex morphologies in a liquid state as a filler (152) which can subsequently be solidified
using a cross-linking process. A major limitation is inferior mechanical stability (146, 153),
which can be improved by cross-linking of the material (154); however, to date, no studied
hydrogel has been able to closely match native human cartilage. Native human knee cartilage
on average has a compressive Youngs modulus has been reported to range between 2.0-10.0
MPa shortly after loading and 0.4- 0.6 MPa long after loading (155, 156); however, is
dependent on the level of stress (walking or running) and the specific location tested (femoral
condyles or patellofemoral surface). Using prefabricated scaffolds up to 0.25-0.50 Mpa of
compressive modulus has been achieved (155). Using high percentage by weight hydrogels
(20%) up to 1 MPa in compressive strength has been achieved (157); however, such high
weight compositions are detrimental to cellular and matrix maturation within constructs
(157). Furthermore, using a higher crosslinking density have been shown to produce higher
compressive properties in acellular scaffolds (158), but need to be balanced and optimised
against cytotoxicity and genotoxicity (159). In fact, some studies investigating the effect of
hydrogel crosslink density on matrix production by chondrocytes, show that the lowest

crosslink density hydrogels (35-50 kPa) best supported matrix deposition (160, 161).
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Therefore, a major consideration is to balance mechanical strength with matrix maturation

and biology (162), which traditional regenerative approaches can’t restore (163).

Crosslinking is necessary for the state change of hydrogels from liquid to a semi-solid, which
enables cell-laden deposition in a 3D form. Crosslinking can be obtained using physical

(reversible), chemical (irreversible) or light-associated reactions (irreversible) (164-167).

Specifically, gelatine-based hydrogels exhibit high cytocompatibility and biodegradability in
physiological environments (168-170). The addition of the methacrylate/methacrylamide
(MA) group to gelatin enables light assisted cross-linking of the material, thus mimicking the
natural ECM of cartilage (171, 172). Further addition of Hyaluronic Acid (HA), a natural
glycosaminoglycan found in cartilage can promote cell spreading (173). Notably, HA can also
be methacrylated (HAMA) to increase overall material stiffness (173, 174); however, this has
been shown to impede cartilage/matrix production unless used in a protective manner such
as a core shell approach (175, 176). Among hydrogel-based scaffolds, Gelatin-
Methacryloyl/Hyaluronic Acid (GelMA/HA) has been used for in vitro biofabrication (177) and

for in vivo animal models of chondral repair (178).

‘ Scaffold Material (Biomaterials) ’

Synthetic

Proteins Carbohydrates Polymers Ceramics

Polyethylene glycol (PEG)

Collagen Agarose Calcium phosphate

Polyglycolide(PGA)
Fibrin Alginate Hydroxyapatite
Polycaproactone (PCO)

Gelatin Chitosan Tricalcium phosphate

Poly-D,L-lactide (PDLLA)
Silk Hyaluronan Tetracalcium phosphate
Poly-lactic-co-glycolic acid (PLGA)

Figure 1.10. Different types of scaffold biomaterials used in cartilage tissue engineering
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1.4.3 CHEMICAL STIMULATION: SIGNALLING MOLECULES

Molecules, including growth factors (GFs) and soluble non-protein chemical compounds,
chemically regulate cell behaviour (Figure 1.11). Molecules bind to surface receptors on stem
cells to activate intracellular signalling pathways controlling cellular proliferation,
differentiation and synthesis (179, 180). MSCs have an important paracrine effect on cartilage
formation and help regulate and control the environment with respect to inflammatory
responses (181, 182). Chondrogenic differentiation can be achieved using growth factors
individually or in combination, Sekiya et al (2005), demonstrated that the combination of
transforming growth factor (TGF) -Beta 3 with bone morphogenetic protein (BMP)-2 induced
more chondrogenesis in MSCs compared to using either TGF-B3 with BMP-4/BMP-6 or TGF —
B3 by itself (183).

Stage | Proliferation and Chondroprogenitor Chondrogenic differentiation Terminal
condensation differentiation differentiation
< TGF-Beta— > < IGF-1 VEGF >
Growth
Factors BMPs

FGF-2

Cell Mesenchymal Hypertrophic
= i Chondroblasts
Tvoe stem cells Chondroprogenitors Chondrocytes e i
<—— coLl——>
coLx
ECM SOX 9 —_—
coLl < MMP13 ——
: COL IX
Proteins

€<—— VDR —>

Aggrecan

Figure 1.11. Mesenchymal stem cell expansion and chondrogenic differentiation pathway.
Growth factors used for stimulation and ECM protein production is shown based on the stage
of the pathway. Transforming growth factor-beta (TGF-Beta), Insulin-like growth factor 1
(IGF-1), Bone morphogenetic protein (BMP), Vascular endothelial growth factor (VEGF),
Collagen (COL), Matrix metalloproteinase 13 (MMP-13) and Vitamin D receptor (VDR)

Emerging molecules that could be potential modulators of engineered cartilage include

hyaluronic acid. which has been shown to stimulate chondrogenesis and reduce hypertrophy
in BM-derived MSCs(184): ADSCs and chondrocytes(185). Similar effects have been
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demonstrated using matrilin 3 to cultures of BM-derived MSCs(186). The addition of
kartogenin has also induced chondrogenic differentiation in MSCs in a mouse model of
OA(187); however, the therapeutic dose and long-term in vivo efficacy of kartogenin is yet to
be determined, limiting its use(188). Biophysical stimuli such as glycosaminoglycan-depleting
enzymes (such as chondroitinase ABC) or crosslinking agents (such as lysyl oxidase-like 2
(LOXL2)) have also been used to increase collagen content and to form collagen crosslinks,
leading to improved tensile properties in neocartilage (189-191). The combination of TGFB1,
chondroitinase ABC and LOXL2 applied after aggregate redifferentiation generated
neocartilage with tensile modulus and ultimate tensile strength values roughly 2 X those of
untreated neocartilage(192). Overall, these emerging studies suggest that novel biochemical

and biophysical stimuli could be used for effective neocartilage formation.

1.4.4 MECHANICAL/PHYSICAL AND ENVIRONMENTAL STIMULATION

Mechanical stimulation can be used to mimic the physical and environmental forces produced
in the native joint can be strategically used to improve the formation and maturation of
engineered cartilage. Proven stimuli that can be used to promote chondrogenesis include
intermittent hydrostatic pressure (193), compressive loading (194-196), surface motion
(shear) (197), oxygen tension (198, 199), electromagnetic (200, 201) and ultrasonic
conduction (202).

Bioreactors are machines capable of providing biological and physical stimulation to the cell
culture (203). Such systems provide a 3D environment that can improve the quality of
engineered tissues. Various bioreactor designs (Figure 1.12) have been utilised, including
constructs made of rotating vessels, spinner flasks and stirred double chambers (204). Ideal
properties of bioreactors include easy and efficient assembly, sterility and low toxicity. Inbuilt
sensors and precise systems can be incorporated to monitor and control operational

conditions such as pH, temperature, oxygen tension and mechanical forces (205, 206).

In cartilage TE, bioreactors have been trialled specifically to induce perfusion, shear force,
hydrostatic pressure, compression and the overall combined mechanical forces which are
encountered by the human knee joint during daily activity. Zhao et al (2016), compared
studies incorporating the factors as mentioned above; enhancement in both chondrogenic

differentiation and proliferation was observed (204).
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1.5 GENERATION AND DELIVERY OF THE TISSUE CONSTRUCT

1.5.1 GAPS AND DOWNFALLS IN CARTILAGE TISSUE ENGINEERING

Historically with cartilage tissue engineering, prefabricated tissue at the bench side was
transferred or implanted manually into a defect (25). An obvious limitation of this intended
approach is the complexity involved with accurately replicating the complex morphologies

associated with cartilage defects (25).

Preformed scaffolds must closely resemble the defect that they will be filling, meaning
bioscaffolds need to be cultured to size in vitro, or the defects must be pre-contoured with
debridement (208). Furthermore, unless sizing and orientation of the in vitro constructs are
perfectly controlled, it is difficult to have any control over the zonal partitioning of engineered
constructs, which remains difficult with modern biofabrication but much more conceivable

(208) (209).

In order to truly control the ability to create zones and different regions (e.g., chondral,
subchondral or osteochondral) using prefabricated tissue, multiple different in vitro cultures
must be undertaken and tightly controlled (210) (209). This multizonal/anatomical notion can
be more easily combated using different ‘bioinks’ composed of cells mixed with hydrogel

scaffolds that can be loaded into a bioprinter and printed directly in situ (211).

43



1.5.2 THE CONCEPT OF BIOFABRICATION

The emergence of bioprinting over the past decade has enabled engineered tissue to be

formed and delivered in an anatomically structured fashion (212). The combination of tissue

engineering and controlled structural creation/delivery (bioprinting or bioassembly) is

commonly referred to as ‘Biofabrication’ in the field of tissue engineering and regenerative

medicine (Figure 1.13) (14). Bioprinting creates the ability to clinically deliver implants directly

in vivo, whereas bioassembly technology is currently used as a tool for in vitro models (14).

Therefore, bioprinting is used to form or deliver engineered tissue constructs in the

biofabrication of cartilage (Figure 1.14).

Biofabrication

4
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Figure 1.13. Biofabrication in tissue engineering (TE) and regenerative medicine (RM). Used

with permission from Biofabrication under the Creative Commons Attribution 4.0

International License (14).
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Figure 1.14. (Left) Concept of cartilage

biofabrication.  Biofabrication is the
combination of tissue engineering with

bioprinting technology.

Construct delivery

(Bioprinting)
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1.5.3 3D BIOPRINTING

Bioprinting is the utilisation of 3D printing technology to produce living tissue for use in
regenerative medicine and disease modelling (13). It allows for the accurate control of cell
distribution, production of biomimetic geometry and the rapid production of a construct (25).
Advanced systems can be used in conjunction with computer-aided design and can be
regulated and optimised for precision (213). Several types of bioprinting mechanisms have
been developed and evaluated with respect to cartilage tissue engineering, commonly used

models are displayed (Figure 1.15) and compared in Tables 1.4 and 1.5.

INKJET PRINTING

Inkjet bioprinting relies on the pressure generated in the print head, fluid mechanics and
gravity to extrude bioinks out of a cartridge (214, 215). Droplets are formed in either a
continuous inkjet or drop-on-demand mode (216), with the latter achieving a much higher
resolution and are generally used for biological applications. Common methods to generate
drop-on-demand printing rely on thermal or piezoelectric effects (217). With thermal
printing, a small part within the printhead is rapidly heated to generate vapour bubbles within
the bioink (217), these bubbles coalesce and expand, generating a pressure pulse and finally,
the bubbles shrink and collapse. Using piezoelectric methodology, a piezoelectric actuator
converts the applied voltage into a mechanical deformation of a crystal, producing an acoustic
wave which generates the pressure required for the drop ejection. To form droplets, a bioink

must be liquid inside the cartridge and quickly crosslink after extrusion (218).

Consequently, various platforms for inkjet bioprinting were established, including shear-
thinning bioinks (219). The thermal inkjet 3D bioprinter with simultaneous
photopolymerization was used for precise positioning of encapsulated human chondrocytes
during layer-by-layer deposition (220). Whereas the piezoelectric bioprinter was combined
with CaCl, nebulizer to create alginate-based scaffolds (221). CaCl, at low concentrations was

sprayed over printed constructed and washed out immediately after gelation.

EXTRUSION PRINTING
Extrusion bioprinting relies on pneumatic pressure or mechanical pistons to produce
extrusion-based deposition (222). The constant generated force permits bioprinting of highly

viscous bioinks. Co-axial printheads can be used in extrusion printers for simultaneous
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delivery of the bioink through the core flow and the crosslinker trough the sheath flow (223),

and this system is applicable for printing different types of bioinks (224, 225).

An emerging strategy is the handheld, 3D core/shell bioprinting device, ‘Biopen’, designed
specifically for in situ 3D bioprinting of cartilage (176, 178, 226), more on this is detailed in
section 1.5.3. A multiheaded deposition system (MHDS), can be used for complex bioprinting
of multi-layered constructs for cartilage and osteochondral tissue regeneration (227). MHDS

has been equipped with four heads that utilize pneumatic pressure for dispensing (227).

LASER-ASSISTED PRINTING

Laser-assisted bioprinting (LAB) is a nozzle-free, noncontact technique, where a laser is pulsed
on a ribbon composed of three layers: laser-transparent layer, laser-absorbing layer, and
bioink layer (228). The laser beam energy is absorbed by the ribbon what generates a local
bubble on the opposite side. Rapid formation of the bubble ejects a desired amount of bioink
on a receiving stage. LAB is applicable for high cell densities and high viscosity inks. The main
three, laser-based techniques are 1) laser-induced forward transfer (LIFT), 2) absorbing film-
assisted laser-induced forward transfer (AFA-LIFT), and 3) matrix-assisted pulsed laser
evaporation direct writing (MAPLE-DW). LIFT has been successfully applied for in situ

bioprinting of BMSCs on a bone defect in mice (229).

STEREOLITHOGRAPHY

Stereolithography (SLA) and digital light projection (DLP) are nozzle-free techniques that
create 3D objects through layer-by-layer photopolymerization. In SLA, liquid resin is solidified
by UV laser beam (230, 231), while in DLP, visible light is projected in the shape of the layer
(230, 231). Final structures made of SLA or DLP are drained and washed. Scaffolds are often
subjected to post-curing in order to improve their mechanical properties. These methods
utilize photosensitive polymers or bioinks, usually requiring photoinitiators (231).
Alternatively, if photoinitiators are undesirable, polymers with polymerization based on a
thiolene reaction can be applied. SLA and DLP can be performed in two ways, i.e. bottom-up
and top-down approach. In bottom-up fabrication, a layer of resin is cured by the light from
above, and the structure is built on a support platform. While in the top-down approach, the

source of the light is localized beneath the transparent plate.
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Figure 1.15. Different types of bioprinting mechanisms used in tissue engineering

Print Cell viability Viscosities
method (mPas)
Inkjet 80-90 % 35-12
MEP <80 % 30-6.0X 10’
LAP >90% 1.0-300
SLA >85% All

Resolution Speed References
50 um Fast (213, 232, 233)
100 um Slow (213, 232, 233)
50 um Medium (213, 232, 233)

200 nm -6 um Fast (213, 232, 233)

Table 1.5. Comparison of 3D bioprinting methods. Millipascal seconds (mPas). MEP — Micro

extrusion printing, LAP — Light assisted printing, SLA — Stereolithography.
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Print Advantages Disadvantages References
method

Inkjet Easily operated Clogging of the head (234, 235)
Cheap Settling effect of bioink
Quick print speed
ME Easily operated Large mechanical (236, 237)
Cheap stressors
High viscosities compatible Low cell viability
LAP High cell viability Expensive (238, 239)

High viscosities compatible ~ Unknown effects of laser
Scarce in vivo data

SLA Quick print speed Poor compatibility with (174, 232, 240-244)
High resolution liquids and gels
High viscosities compatible One material at a time

UV light-related toxicity

Table 1.4. Advantages and disadvantages of different 3D bioprinting methods. Table 1.5.
Comparison of 3D bioprinting methods. Millipascal seconds (mPas). MEP — Micro extrusion

printing, LAP — Light assisted printing, SLA — Stereolithography.

1.5.4 SUITABLE CONSTRUCT DELIVERY METHODS FOR CARTILAGE TISSUE REPAIR

Cartilage damage can present in random and complex morphological patterns, and although
damage can be appreciated grossly with magnetic resonance imaging (MRI), it is difficult to
assess the exact nature and size of the defect (245). Therefore, the true quality of articular
defect morphology can only be evaluated and visualised intraoperatively. To cater for such a
situation, the ideal bioink composition would contain a hydrogel biomaterial that can fill a
defect (151, 152). Once the appropriate void is filled, the top surface can be flattened and

cross-linked to solidify.

The ‘Axcelda ®pen’ (formerly known as the biopen) is an example of a handheld pneumatic
extrusion bioprinter (Figure 1.16) that has been developed for surgical use and is tailored

specifically for in vivo cartilage repair, (Figure 1.17) (175, 246).
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Figure 1.16. The ‘Axcelda®pen’ handheld extrusion-based 3D bioprinter. (A) Device Design

representation and (B) Device prototype.

r Figure 1.17 (Left). Intra-operative image of
'll'

the Axcelda’pen being used in a sheep

model. Modified and used with permission

from Di Bella et al (25), under CC BL.

Engineered tissue using a portable hand-held device can be printed directly during surgery
with the top of the construct being immediately cross-linked using methods mentioned
earlier. This approach allows for implant stability within the lesion (247). However, when
using non-portable printers and non-hydrogel-based scaffolds/materials, the formed implant
will need to be manually positioned (requires precise geometry when initially created) into
the lesion and then anchored with either sutures or a flap approach. In vivo animal delivery
of engineered cartilage tissue has been performed to-date using large incisions over the knee,
similar to those made in conventional knee replacement surgeries (247, 248). Larger incisions
and increased operating time are associated with a higher risk of wound complications (e.g.
infection and wound dehiscence) (249) and reduced cosmetic satisfaction, both of which are

important to consider in the treatment of a young-middle aged population.
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1.6 CURRENT MODELS USED FOR IN VIVO CARTILAGE REPAIR

Tissue engineering and biofabrication approaches in vitro are used to assess several aspects
of regenerative medicine, such as the biocompatibility of the cell-scaffold interface and the
effects of specific conditions/factors on cell proliferation and differentiation (250). However,
an animal model is ultimately warranted to study the complex process of in vivo cartilage
tissue formation and maturation; furthermore, this bridges the gap between in vitro and
clinical study in humans (250). The animal model provides an in vivo articular cartilage
environment, appropriate for the study of the integration of engineered cartilage to the
surrounding native tissue, and evaluation of the safety and efficacy of newly engineered

cartilage (251).

Various animal models have been used for in vivo study, small and large animal models have
been used to recapitulate/mimic disease and injury that can occur in humans, whereas,
ectopic models have been used to test the biocompatibility of implants (252). Ultimately, the
choice of animal depends on the purpose of the study, and specific animal models may not
suit all the proposed study questions. Early-stage cartilage repair investigation can be
performed using a small animal model to understand the pathophysiology of disease and to
evaluate new therapeutic approaches (252, 253). Validation studies can then be performed

to assess the clinical process and treatment of disease using a large animal model (254-257).

From a modelling perspective, the best animal model for translation to the clinic would be
the non-human primate, which is the species most closely related to humans. However, there
are important ethical and practical concerns with their use in research, which therefore

significantly limits the use of these animals (258).

1.6.1 LARGE ANIMAL MODELS

Compared to smaller animal models, the joint size and cartilage thickness in larger animals
are more like humans. Examples of large animal models used for cartilage repair research
include the horse (equine), sheep (ovine), goat (caprine), pig (porcine) and dog (canine) (252).
Cartilage thickness, formable defects sizes, advantages and disadvantages of each are

summarised in Table 1.6.
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Large Animal  Cartilage Formable
thickness  Defect sizes
Horse 1.75 mm Large
(Equine)
Sheep (ovine) 0.4-1.0mm  Mid-Large
and
Goat 0.5-1.2 mm
(caprine)
Pig (porcine) 1.5mm Mid- Large
Dog (canine) 0.95 mm Small -Mid

Table 1.6. Common large animal models used in cartilage research

1.6.2 SMALL ANIMAL MODELS

Advantages

Biochemically
similar to humans
High mechanical
loading forces
Relatively less
expensive

Can use knockout
pigs
Easily bred

Disadvantages

Expensive
Large facilities needed
Ethical concerns

Difficult positioning
intraoperative
Difficult post-op rehab

Expensive
Rapid skeletal growth
different from humans

Controlled weight Better rehab - Trainable

bearing

Ethical concerns

While large animals better approximate the human joint size and cartilage thickness, they are

relatively expensive and can be challenging to house and surgically facilitate due to

positioning and size (252). It is generally well-accepted to utilise a small animal model for

initial lines of investigation (259). Therefore, with pilot studies, the small animal model can

be useful and practical in early screening and proof of concept experimentation (251). The

major disadvantage of the small animal model is the small joint size and thin cartilage, which

makes surgery challenging and is not fully representative of the clinical issue. Commonly used

small animal models for cartilage research include the rabbit, mice and rat (Table 1.7).

Small Animal Cartilage Formable
thickness  Defect sizes
Rabbit 0.3 mm Small
(Lapine)
Rat 0.1-0.15 Micro
mm Bigger than
Mice
Mice 0.1 mm Micro

Table 1.7. Common small animal models used in cartilage research

Advantages

Cheap
High mechanical
loading forces

Cheap
Can use knockout
rats

Cheap
Can use knockout
mice

Disadvantages

Thin cartilage
Self-healing nature

Thin cartilage
Spontaneous healing
Difficult to assess repair

Thin cartilage
Difficult to assess repair
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1.6.3 ECTOPIC MODELS

Ectopic models, in which cartilage is grown outside the joint, are alternatives to the orthotopic
models for cartilage repair (260). The most common ectopic model is subcutaneous
implantation (261). The subcutaneous implantation model provides an in vivo physiological
environment without the presence of mechanical loading conditions associated with the
native joint (262). Therefore, it can be useful for study outcomes that are not associated with

or influenced by joint forces, such as initial biocompatibility testing.

Although the model is more physiologically similar to the native joint environment compared
to in vitro culture conditions, the overall lack of environmental influence is a significant
limitation compared to a native in vivo model (261). These models can be used for a
preliminary proof of concept and provide early information prior to engaging in an animal

model which can be costly and time-consuming.
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CHAPTER 2: KNOWLEDGE
GAPS, HYPOTHESES AND
RESEARCH AIMS
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2.1 CHONDROGENIC POTENTIAL OF CELL SOURCES WITHIN THE KNEE JOINT
AND OPTIMISATION OF THE CELL ISOLATION PROTOCOL

IDEAL CELL TYPE WITHIN THE KNEE JOINT FOR CARTILAGE REGENERATION

With a view of treating articular knee defects using tissue engineering strategies such as
biofabrication with autologous cells, ideally, the cell source should be harvested from within
the knee joint. The same harvest and treatment site can be used due to the proximity of such
tissue to the defect, limiting the number and size of surgical incisions; and consequently,

reducing associated risks (e.g. harvest site irritation or infection) (263).

Human adipose-derived mesenchymal stem cells (hADSCs) are a chondrogenic source (138)
which can be isolated from the Infrapatellar fat pad (IFP), (Figure 2.1). Two other sources from
within the knee joint with chondrogenic potential are the mature chondrocyte and articular
progenitor cell (hAPCs) (142, 264). All three sources can be sourced autologously, which is an
advantage given the inherent ethical and immunological risks associated with using
commercial or allogenic cells (265). Both mature chondrocytes and hAPCs are isolated from
the non-weight bearing zones of articular cartilage (Figure 2.1), where there is minimal tissue
availability and low cell numbers (266, 267). Furthermore, the harvesting of articular cartilage
carries some risk of damaging or removing healthy weight-bearing aspects of articular
cartilage. On the other hand, hADSCs can be easily harvested from the IFP, which can be safely
removed either arthroscopically or with a small open incision (138, 268). Despite these
differences, all three cell sources are potentially applicable in cartilage tissue engineering;
therefore, the first objective of this chapter is to verify and compare the chondrogenic

differentiation potential of these three cell sources.

Figure 2.1 (Left). Sagittal magnetic resonance imaging
scan of the knee joint showing the relationship of the
IFP (arrow) to the articular cartilage (double arrow).
Modified and used with permission from Wiley under CC
BL, (138).
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OPTIMISATION OF THE CURRENT IFP-DERIVED hADSCs ISOLATION PROTOCOL

The second objective of this chapter was to review and optimise the current IFP-derived
hADSCs isolation protocol, with the intention of generating a rapid isolation protocol.
Speeding up the isolation timeframe enables a quicker turnaround period of cell culture
before reimplantation; furthermore, it can limit the timeframe in contact with animal-derived

media and the risks associated with in vitro culture and sterility (265).

Obtaining a stem cell population requires several sequential steps (Figure 2.2) and overall
current techniques take > 25 hours to isolate a pure stem population (269), although lengthy
this is not a concern for in vitro study. With a view of clinical translation in humans, it is
imperative to efficiently optimise the isolation timeframe, enabling a quicker turnaround
period of cell culture before reimplantation and limiting the duration of cellular contact with

animal-derived media and the sterility related risks (265).
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Commercially available enzymatic and nonenzymatic isolation systems (270, 271) (272) are
used to isolate cells rapidly; however, these systems isolate an SVF as opposed to a hADSC
population. The use of SVF alone has been trialled as a therapeutic option for symptomatic

benefit; however, there is no evidence of regenerative capacity (273).

Ahearne et al (2014), described the ability to rapidly isolate an adherent stem cells population
within 5 hours by using only 30 minutes for cellular adherence to non-coated tissue culture
polystyrene (TCPS). Cells were then combined with an agarose hydrogel to create tissue
constructs (274). Contrary to the authors' analysis, a lack of true collagen 2 accumulation was
evident and suggestive of a non-functional cell population. When using non-coated (TCPS), a

period of at least 24 hours has been recommended for stem cell selection (275).
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WHERE CAN WE SAVE TIME?
The two key steps that could be optimised for efficiency include chemical digestion of fat and

cellular adherence to non-coated tissue culture polystyrene (TCPS).

Chemical Breakdown: The duration of chemical breakdown has been reported to range

between 10 and 180 minutes (276). Insufficient collagenase breakdown time can reduce the
cellular yield; whereas, increased time >30 minutes using collagenase digestion has been
shown to reduce the number of viable cells (277). No minimal, let alone optimal timeframe

has accurately been assessed in the literature.

Plastic Adherence: Coated-TCPS formulations have been reported to speed up the adherence

of non-hADSCs populations. Matrigel-coated TCPS which have been used to obtained Sertoli
cell adherence within 30 minutes (278) and have been optimised for 2D culture-expansion of
neural and embryonic stem cells with no effect on molecular characteristics (279). Fibronectin
has also been shown to accelerate cellular adherence of articular progenitor cells within 20

minutes (143); however, has a narrower ECM protein composition compared to Matrigel.

HYPOTHESES
1 — Human ADSCs isolated from the IFP are more chondrogenic than adult articular
chondrocytes and hAPCs derived from knee cartilage
2 - The current IFP-derived hADSCs isolation timeframes could be optimised with
respect to efficiency without affecting the cellular yield, phenotype and differentiation

ability

AIMS
1 - Compare the chondrogenic potential of articular chondrocytes, human articular
progenitor cells (hAPCs) and human Infrapatellar Fat Pad-derived Mesenchymal Stem
Cells (IFP-derived hADSCs) to identify the most suitable source for cartilage repair
2 - Optimisation of the standard IFP-derived hADSCs isolation protocol leading to the
generation of a rapid cell isolation protocol
3 - Validation of the rapid IFP-derived hADSCs isolation protocol against the standard

isolation protocol
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2.2 MINIMUM CHONDROGENIC REQUIREMENTS OF IFP-DERIVED HADSCs
PRIOR TO REIMPLANTATION

THE EARLIEST TIMEPOINT DURING CULTURE EXPANSION AT WHICH hADSCs BECOME
CHONDROGENIC AND THE NUMBER OF RELATIVE CELLS OBTAINABLE

Traditionally hADSCs are generously expanded in culture to reach an abundance of cells
before being used in vitro and for reimplantation; furthermore, they can be passaged many
times while maintaining their chondrogenic capacity and prior to developing significant levels
of senescence (280). However, studies have shown that cells from lower passages are more
ideal as therapeutic tools (90, 281) due to healthierimmunomodulatory properties, cells from

higher passages have been associated with higher levels of in vivo inflammation (90).

There is no literature indicating if expanded cells can be used before initial passaging (Passage
1) and how early expanded IFP-derived hADSCs can be induced towards differentiation. This
is a crucial knowledge gap when envisioning future clinical translation, as an estimated
turnaround timeframe for such a repair procedure should be identified. The earlier the
timeline to reimplantation the less inherent risks involved with cell culture in a lab and
exposure to animal-based serum products (282). Another key advantage of knowing when
the earliest turnaround timeframe for reimplantation can occur is to identify and optimise

the waiting time for patients between surgical procedures (Harvest and Reimplantation).

The first objective of this chapter is to determine the earliest time point during expansion in
which hADSCs can be driven into chondrogenic differentiation. The relative number of cells

obtainable post-expansion at this respective timeframe is identified.

THE MINIMUM STEM CELL CONCENTRATION REQUIRED TO PRODUCE NEOCARTILAGE

Cell-free articular repair techniques such as microfracture are indicated primarily based on
the total surface area (TSA) of the defect (283, 284). Current cell-based implantation
techniques such as autologous chondrocyte implantation (ACl) and matrix-assisted
autologous chondrocyte implantation (MACI) are also indicated based on the TSA of defects;
however, an extra factor needs to be considered which is the volume of the defect. The
volume becomes crucial in cell-based repair, as adequate cell numbers need to be delivered

for regeneration/repair to occur. In ACl and MACI, an expanded number of chondrocytes
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based usually on surgeon preference or approximate physiological cartilage cell counts is used

(285).

The use of higher chondrocyte concentrations in vitro can inhibit matrix synthesis, leading to
reduced ECM production (286, 287) while using lower concentrations will not produce
enough ECM in vitro (288, 289). Few in vitro and in vivo studies report the cell concentrations
used, ultimately the use of higher concentrations are not superior to lower ones; therefore,
no minimum let alone optimal cell concentrations range has been identified (290). The
average chondrocyte cell count in healthy human knee cartilage is 10 million cells/mL (285),
the inherent ability of stem cells to proliferate even during the differentiation needs to be
considered when identifying the minimal concentration required to achieve adequate
chondrogenesis (291). In line with producing an efficient therapy and minimising the
associated risks with prolonged cell culture, the next objective in this chapter was to identify

the minimum hADSCs concentration required to generate adequate neocartilage.

THE MAXIMUM DEFECT VOLUME REPAIRABLE USING A RAPIDLY ISOLATED hADSCs
POPULATION WHICH IS EXPANDED FOR 5 DAYS

By identifying this minimum concentration and using it with the number of hADSCs obtained
during a set-period of expansion, the maximum volume of defects repairable can be
identified. This is a crucial link as it enables the indication range for a regenerative repair
approach to be established; for example, the number of cells obtained from 3 days of
expansion may be adequate to treat partial-thickness defects while 7 days of cellular

expansion may be sufficient to treat full-thickness defects.

HYPOTHESES
1 - The overall hADSCs culture expansion timeframe could be minimised by identifying
the earliest time frame in which cultured hADSCs can be driven into chondrogenesis
2 - The minimum hADSCs concentration required to produce neocartilage was lower
than the native human chondrocyte cell count (10 million cells/mL)
3 - Linking the data from the first two aims, the maximum defect volume repairable

and thereby, a treatment indication range could be established
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AIMS

1 - Determine the earliest time point during in vitro culture expansion in which IFP-
derived hADSCs can undergo chondrogenesis and the relative number of cells
obtainable after the identified timeframe

2 - ldentify the minimum IFP-derived hADSCs concentration required to produce in
vitro neocartilage formation in a Gelatin-Methacryloyl/Hyaluronic Acid (GelMA/HA)
hydrogel

3 - Determine the maximum defect volume repairable using a rapidly isolated IFP-
derived hADSCs population expanded using the earliest chondrogenic timepoint and

minimum chondrogenic hADSCs concentration
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2.3 ESTABLISHING A BIOFABRICATION PROCEDURE FOR IN VIVO CHONDRAL
REPAIR

To biofabricate tissue in situ during surgery, several critical components require selection and
validation in vitro (Figure 2.3). In this chapter of work, essential aspects of the biofabrication
approach are optimised and designed to enable a user-friendly, safe, sterile and efficient

method that is compatible with the surgical environment.

—_ LAP added
< /\ /é("kﬂo (Photoinitiatqr for UV
\\\ S QO crosslinking)
A) Cell type N

B) Biomaterial and
composition

Figure 2.3 (Left). Set-up of an in situ

\_R

o ) biofabrication repair procedure for
Blomkwformatlon

in vivo chondral defect repair.

Highlighted in red are the

C) Bioink gelation . Lo

N oy d
temperature and o= e

time \
\/

parameters which need to be

selected and identified before

D) Crosslinking

method and set up performing an intraoperative model.

i
=

In vivo cartilage
repair
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Given the proof of concept stage of this study, the model used downline in the next chapter
is that of an in vivo small animal (rabbit), specific reasoning for this choice is detailed in the

following research chapter.

The IFP can generally be harvested from a small animal model; however, the amount of tissue
is small, leading to a minimal stem cell yield during isolation (292). The use of pooled IFPs
from several animals as a starting point is generally used to overcome this issue (293);
however is costly and wasteful; therefore, to better represent the model, in this study, a

commercial MSCs animal cell line is used (Rabbit). Cartilage is an immune-privileged tissue,
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meaning it is rare to have any host reaction to implanted tissue (294-298), nonetheless, to
further minimise any inflammatory response, commercial cells were sourced from the same
species and gender of rabbit to that used in the subsequent in vivo model (chapter 7).
Therefore, as part of the procedural set up, the commercially sourced rabbit MSCs line was

validated with a 3-week chondrogenic screening study.

B) Suitable hydrogel compositions

Gelatine-based hydrogels exhibit high cytocompatibility and biodegradability in physiological
environments (168-170). The addition of methacrylate/methacrylamide (MA) groups to
gelatin enables light-assisted cross-linking of the material, thus mimicking the natural ECM of
cartilage (171, 172). Based on these advantageous factors and successful in situ delivery of
GelMA in vivo (247), this material was selected as the ideal hydrogel for the subsequent in

vivo model of cartilage repair in this thesis (chapter 7).

Depending on the percentage of the gelatine component in a GelMA hydrogel, the stiffness
and strength can be tuned, by increasing the amount of gelatine the stiffer the hydrogel. Cells
behave differently with different stiffnesses of the material (172); therefore, the overall
downline aim of selecting a soft and hard hydrogel was to evaluate this difference in vivo for
cartilage repair. Hence, the next step in the procedural set up was to validate the difference
in mechanical strength (compression testing) using fabricated acellular 6% and 10% GelMA

scaffolds.

C) Gelation time of the bioink

Aqgueous solutions of gelatine solidify or 'gelate' when the temperature falls below the lower
critical solution temperature (LCST) of 25°C, (299, 300). During in situ delivery, if the gelatine
is too gelated, it becomes difficult to extrude and will not adequately fill the defect. Whereas
if too liquified, then it will rapidly disperse and collapse (299, 300). Therefore, the control of
gelation becomes crucial when using such thermoreversible hydrogels in cartilage repair
(301). To optimally deliver a gelatin-based bioink composition, it should be printed in a semi-

gelated form (302).

To achieve this, bioinks should be prepared and kept in a heated oven chamber or incubator,

ideally between 35-40 °C which will preserve them in liquid form, and higher temperatures
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can compromise cell viability (303). Prior to administration, bioinks should be allowed to
gelate below the LSCT for a specific time, enabling them to reach the desired printability state
before use. This duration is known as the 'gelation time', and it varies depending on the
intrinsic compositions of the materials used and the environmental temperature of the room
(304). Generally, gelation is performed at room temperature (23°C), which is below the lower
end of the gelatine LCST (25°C). However, using the room temperature results in a less
controlled and broad range of gelation times, likely due to the difficulty in precisely controlling

the room temperature resulting from environmental influences (304).

Another method used to combat this challenge is to transfer the heated hydrogels ( 37°C
incubator) into a colder than room temperature environment before printing (304). A
convenient advantage of this method is that there is less waiting time required for the
hydrogel to gelate before becoming printable (304). However, the risk associated with the
quicker cooling of the gel is the potential for cell toxicity; therefore, the cooling temperature

should be not be set below 0°C (211).

Gelation is expected to occur quicker with higher concentrations of gelatine (305); therefore,
the harder (10% GelMA) should gelate quicker than the softer (6% GelMA) hydrogel-based
bioink. The gelation time required for these two bioink compositions was evaluated in vitro
using a filament formation test (ideal result is to extrude a homogenous string like gel) to
identify the ideal gelation period before printing. This test was performed using gelation at

both room temperature (23°C) and in a fridge (4°C).

D) Appropriate in situ cross-linking method

Poor thermostability of gelatine makes it challenging to cross-link physically, while chemical
cross-linking is associated with a high risk of process-related toxicity (306). Using light-assisted
cross-linking of GelMA, the cell viability has been reported as >85-90% (175, 307). Another
advantage of using light-assisted cross-linking is the ease of surgical application (using a hand-
held system) and lack of direct contact with the printed construct and healthy tissue. The
distance required for adequate coverage of only the generated rabbit defect (size and details
described later) without infringing on healthy tissue was identified as 1 cm. Therefore, in this
chapter, a sterilisable 1 cm fixed distance probe cover was first designed, then 3D printed,
and finally attached to the end of the light source enabling surgical use.
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HYPOTHESES
1 - A novel surgical biofabrication approach to treat in vivo cartilage defects could be
designed in a safe, operator friendly and compatible manner.

2 - This could be achieved by optimising the, cell source, hydrogel composition,

hydrogel gelation times and crosslinking parameters.

AIMS

Set up of an in vivo surgical biofabrication model and procedure:

1 - Validate a commercially sourced rabbit MSCs line
2 - Identify suitable hydrogel-based bioink compositions
3 - Identify the respective gelation times of chosen bioinks

4 - |dentify and set up a safe and appropriate intraoperative cross-linking method
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2.4 CARTILAGE BIOFABRICATION USING THE MINIMUM CHONDROGENIC
HADSCs CONCENTRATION - A PILOT IN VIVO RABBIT MODEL

This section serves as a novel pilot study assessing a novel biofabrication therapy for pure
chondral repair in vivo, using the minimum chondrogenic stem cell concentration (chapter 5)

and a novel intraoperative approach (chapter 6).

SELECTION OF THE RABBIT MODEL, DEFECT PARAMETERS AND TREATMENT GROUPS

The large animal model is commonly used in the later developmental stages of research
associated with cartilage repair (252) and more closely resemble human cartilage compared
to smaller animal models. However, given the fiscal feasibility, practicality and proof of
concept nature of this study, the small animal is more suitable to the cost budgets and project

timeframes of this thesis.

Within small animal models, the rabbit is the largest and most suited to relatively bigger
defect sizes; furthermore, it can easily be managed, performed and evaluated. Rabbits have
2 knee joints (Hindlimbs) and therefore have 4 condyles (each knee has a lateral and medial
femoral condyle). In the rabbit model, the lateral collateral ligament commonly traverses and
is in contact with the under surface of the lateral femoral condyle, which can impede repair.
Humans also have this ligament, but it is not so close in proximity with the lateral femoral
condyle. To combat this, treatment groups should be evenly randomised to either condyle.
Timepoints for study in rabbits are generally selected based on when early and mature
cartilage formation is detectable, which is at around 3-4 and 6-8 weeks, respectively post-

repair (308).

Literature shows that rabbit cartilage can spontaneously heal (309); however, several reports
suggest using a minimum diameter of 3 mm as the critical-sized defect can prevent this
natural revival (310-312). Rabbit articular knee cartilage, on average is approximately 0.3 mm
thick (or deep) (313), the width of each condyle is roughly 5-6mm. (314, 315) Therefore
based on current literature, to assess critical size defects (314, 315) in this model a 4 mm
diameter circular defect with a depth of 0.3 mm was chosen, creating a volume of
approximately 4 pL (mm3). Beyond using a critical sized defect to avoid spontaneous

regeneration, the specific size/volume of the defect is not a critical factor in this study since
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the cellular treatment groups (highlighted below) rely on a cell concentration per volume as

opposed to a certain number of cells.

HYPOTHESES
1 - The newly designed biofabrication approach could be implemented in vivo to repair
cartilage defects using the minimum hADSCs concentration with either a soft or hard
hydrogel composition
2 - The outcomes are hypothesised to be comparable if not better than those in the clinical

standard (microfracture repair) group over an 8-week in vivo period

AIMS

Perform an in vivo rabbit model of cartilage repair using a biofabrication approach:

1 - Evaluate cartilage repair associated with using a minimum stem cell concentration and
comparing it to microfracture treatment (clinical standard), by performing a macroscopic,
microscopic and biomechanical assessment

2 - Evaluate cartilage repair associated with using a soft verse hard biocompatible
hydrogel (6% verse 10% GelMA), by performing a macroscopic, microscopic and

biomechanical assessment
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CHAPTER 3: MATERIALS,
PROTOCOLS AND METHODS
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3.1 CELL HARVEST AND ISOLATION

3.1.1 HUMAN TISSUE HARVESTING - ETHICAL APPROVAL

Human Infrapatellar fat pat (IFP) and distal femoral bone cuts from the knee joint were
opportunistically harvested from patients undergoing elective total knee arthroplasty with
informed consent. This study was approved by the Human Research Ethics Committee
Research Governance wunit of St. Vincent's Hospital, Melbourne, Australia
[HREC/16/SVHM/186]. Harvested tissue was used immediately or kept in a sterile container
in phosphate-buffered saline 1X (PBS 1X) (Sigma-Aldrich, St. Louis, MO, USA) supplemented
with antibiotics (Penicillin/Streptomycin 100X, Gibco, Thermo Fisher Scientific) overnight and

used within 24 hours of harvest.

3.1.2 STANDARD IFP-DERIVED MESENCHYMAL STEM CELL ISOLATION PROTOCOL
Under a laminar flow hood, the IFP was placed in a sterile glass petri dish and 3 mL of complete
hADSCs culture media [low glucose Dulbecco's modified eagle medium (DMEM) (Sigma

Aldrich, St. Louis, LA, USA) supplemented with 10% (v/v) foetal bovine serum (FBS) (Gibco,

. . . -1 A -1
Thermo Fisher Scientific Inc, Waltham, MA, USA), 100 U mL  Penicillin and 100 pL mL
Streptomycin solution (Gibco, Thermo Fisher Scientific Inc, Waltham, MA, USA), 2 mM L-

Glutamine (Gibco), and 15 mM HEPES (Gibco), 20 ng mL” epidermal growth factor and 1 ng

mL_1 fibroblast growth factor (R&D Systems Inc., Minneapolis, MN, USA)] was added. Using
forceps and a scalpel fat was removed from the fibrous material and diced until only fat
globules remained. Diced fat was collected with a sterile pipette and transferred to a 50 mL
tube (BD Falcon). Next, 0.3 mL of 10 mg mL? collagenase type 1 (Worthington Biochemical,
Lakewood, NJ, USA) was added, and chemical digestion was achieved with over 3 hours at 37
°C under constant agitation on a shaker at 250 revolutions per min (rpm). The sample was
centrifuged at 2100xg for 10 minutes, and the resulting cell pellet was resuspended in PBS 1X
before being filtered through a 100 ul nylon cell strainer (BD Falcon) and then centrifuged.
The remaining pellet was then resuspended in 5 mL of red cell lysis buffer (160mM NH4Cl;
Sigma Aldrich) for 10 minutes and filtered through a 40 ul nylon cell strainer (BD Falcon). The
sample was then centrifuged at 400xg for 5 minutes, and the cell pellet was resuspended in
500 ul of complete hADSCs culture media, a cell count and viability were calculated using a

haemocytometer and trypan based live-dead staining. Cells were evenly plated on non-

67



coated TCPS wells and incubated for 24 hours, allowing for cellular adherence. Non-attached
material was discarded, and the attached cells were washed once with PBS 1X before adding
500 pl of trypsin (Sigma Aldrich, St. Louis, LA, USA) and incubated for 3 minutes allowing for
cellular de-attachment. Next 1 mL of complete hADSCs culture media was added to each well
to neutralise the trypsin; samples were then centrifuged at 400xg for 5 minutes, the resulting
pellet was resuspended in 500 ul of complete hADSCs culture media. The adherence
percentage and hADSCs count was calculated using a haemocytometer and trypan based live-
dead staining under light microscopy. Cells were replated at a density of 5000 cells/cm? onto

non-coated TCPS wells and expanded for down line investigations.

3.1.3 MATURE ARTICULAR CHONDROCYTE ISOLATION PROTOCOL

Under a laminar flow hood, articular cartilage was dissected off the underlying subchondral
bone of harvested bone cuts, and isolated pieces were then placed in a sterile glass petri dish
and finely minced into 1-3-mm?3 pieces, using a scalpel. The pieces were rinsed once with PBS
1X solution and then transferred to a clean 6-well plate with 500 ul of trypsin solution added.
The pieces were left for 30 minutes at 37°Cin a 5% CO2 incubator. The trypsin was discarded,
then the sample was washed once with PBS 1X and 4 mL of 1 mg mL/well collagenase type
2 solution diluted in complete chondrocyte culture media [DMEM/HAMF 12 (Sigma Aldrich,
St. Louis, LA, USA) supplemented with 10% FBS (Gibco, Thermo Fisher Scientific Inc, Waltham,

MA, USA), 100 U mL_1 Penicillin and 100 uL mL_1 Streptomycin solution (Gibco, Thermo Fisher
Scientific Inc, Waltham, MA, USA), and 2 mM L-Glutamine (Gibco)]. Samples were incubated
for 48-72 hours at 37°Cin a 5% CO2 incubator. The resulting suspension was aspirated, and
the sample was centrifuged at 1500xg for 10 minutes, washed twice in PBS 1X using
centrifugation at 1500xg for 3 minutes. The supernatant was removed, then the pellet was
diluted in complete chondrocyte culture medium and passed through a 100 um mesh nylon
filter. The sample was then centrifuged at 400xg for 5 minutes, the supernatant removed,
and the final resulting pellet was resuspended in 500 pl of complete chondrocyte culture
medium, half of this solution was used for the hAPCs isolation as described below. A cell count
was calculated on the remaining of the sample using a haemocytometer and trypan based
live-dead staining under light microscopy and the solution was plated at a density of 10,000

cells/cm? onto non-coated TCPS and expanded for down line investigations.
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3.1.4 ARTICULAR PROGENITOR CELL ISOLATION PROTOCOL

All steps are as per methods section 3.1.3 until half the final resuspended solution is obtained.
At this stage, the already resuspended sample (in 250 ul of complete chondrocyte culture
medium) is further diluted to a total of 9 mL with complete hAPCs medium [low glucose

DMEM (Sigma Aldrich, St. Louis, LA, USA) supplemented with 10% FBS (Gibco, Thermo Fisher

Scientific Inc, Waltham, MA, USA), 100 U mL_1 Penicillin and 100 plL mL_1 Streptomycin solution
(Gibco, Thermo Fisher Scientific Inc, Waltham, MA, USA), 2 mM L-Glutamine (Gibco), and 15
mM HEPES (Gibco)]. Next, 3 mL of this solution was evenly distributed into three wells of
premade fibronectin coated-well TCPS (6-well plate system, preparation method detailed
below) and incubated for 20 minutes at 37°C. Non-attached cells were removed and 3 mL of
new complete hAPCs culture medium added per well to allow cell expansion for down line

investigations.

*Fibronectin plate coating procedure (Sigma-Aldrich, St. Louis, MO, USA):

Lyophilised fibronectin powder is reconstituted with 2 mL of sterile water of protein (2 mg
mL?, 2000X) and allowed to dissolve for 30 minutes at 37°C. Dilute the fibronectin to 10 mg
mL? in sterile PBS 1X and coat the culture surface with a minimal volume (i.e. 500 pl for well
of a 6-well plate). Plates were air-dried for 45 minutes at room temperature under a biosafety
hood with the lid off. The excess was aspirated, and then plates stored at 4°C closed with

parafilm until downline use.

3.1.5 CHEMICAL DIGESTION TIMEFRAMES

Under a laminar flow hood, the IFP was placed in a sterile glass petri dish, and 3 mL of
complete hADSCs culture media is added. Using forceps and scalpel fat was removed from
the fibrous material and diced until only the fat lobules are left. Diced fat was collected with
a sterile pipette and transferred to a 50 mL tube with 0.3 mL of 10 mg mL? collagenase type
1 then added. Chemical digestion was then undertaken under constant agitation on a shaker
at 250 rpm for timeframes of 10 minutes, 20 minutes, 30 minutes or 3 hours (Control).
Samples were then centrifuged for 10 minutes at 2100xg, and the cell pellet was resuspended
in 500 pl of complete hADSCs culture media, a cell count and viability were calculated using a

haemocytometer and trypan based live-dead staining.
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3.1.6 MATRIGEL-COATED TCPS WELLS FOR HADSCS ADHERENCE

Cell isolation was performed as per methods section 3.1.2 until the plating step. At this point,
a cell count (Isolation cell count) was performed using a haemocytometer and trypan based
live-dead staining. Cells were evenly split into two by volume and plated on non-coated TCPS
wells (Control) or Matrigel-coated TCPS wells (Lifesciences, Corning, Tewksbury, MA, USA),
the coating procedure is described below. All wells were tested for adherence at timeframes
of 10 minutes, 20 minutes, 30 minutes, 1 hour, 6 hours, 12 hours and 24 hours. Adhesion at
respective timeframes was tested by removing non-attached material and placing it in a 15
mL falcon tube, tubes were then centrifuged for 5 minutes at 300xg, the remaining pellet was

resuspended, and a cell count (non-attached cells) performed.

*Matrigel plate coating procedure, (Sigma-Aldrich, St. Louis, MO, USA):

12 mL of DMEM low glucose wasp placed in a 50 mL falcon tube, 880 ul of DMEM low glucose
was removed and added and resuspended in a vial of Matrigel (120 pL). The total solution
was immediately transferred and resuspended in the original falcon tube containing the
remaining DMEM low glucose. 1 mL of solution was added to each desired well of a 6-well
TCPS plate. The wells were air-dried for 1 hour with the lid off under a biosafety hood, and
the excess was then aspirated. Plates were used immediately or stored wrapped in paraffin

at 4°C for up to 7 days.

3.1.7 THE RAPID IFP-DERIVED MSCS (HADSCS) ISOLATION PROTOCOL
All steps were identical to the standard (control) isolation procedure detailed above in 3.1.2

apart from the following two changes which were shown to be optimisable for efficiency:

i) Chemical digestion was achieved in 30 minutes using 0.3 mL of 10mg mL™* collagenase

type 1 (Worthington Biochemical, Lakewood, NJ, USA),

ii) Cells were plated on Matrigel-coated TCPS wells (Lifesciences, Corning, Tewksbury,
MA, USA) and incubated for 30 minutes to allow for cellular adherence. Wells were

coated as per the manufacturer's protocol described above.
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3.2 IN VITRO CELL CULTURE

3.2.1 CHONDROGENIC DIFFERENTIATION — PELLET CULTURE (HUMAN CELLS)

Chondrogenic differentiation was induced using the micro mass pellet culture technique, as

described previously (140, 316): 2.5 x 105 confluent cells (Passage 3) mL_1 were placed in 1.5
mL tube (Sarstedt), centrifuged to form the pellets and initially cultivated with complete

culture media. The next day, chondrogenic differentiation was commenced using DMEM

high-glucose (Sigma), 100 U mL* penicillin and 100 pL mL_1 of streptomycin (Gibco), 2 mM L-
Glutamine (Gibco), and 15 mM HEPES (Gibco), 1% insulin-transferring-selenium (Sigma), 100

nM dexamethasone (Sigma), 50 mg mL_1 ascorbate-2-phosphate (Sigma), 10 ng mL?* TGFB3

(Prepotech), and 10 ng mL>1 BMP6 (R&D Systems). Chondrogenic media was changed twice

a week and pellets were collected and frozen at time points of 0 and 3 weeks.

3.2.2 CHONDROGENIC DIFFERENTIATION - 3D BIOSCAFFOLDS (HUMAN CELLS)

Biofabricated scaffolds were kept in 12 well TCPS plates, with chondrogenic media
(formulation described in 3.2.1) changed twice a week, and samples were collected on day O
and 3 weeks for analyses. The assessment was performed using GAG/DNA and qPCR methods

as described later.

3.2.3 CHONDROGENIC DIFFERENTIATION — PELLET CULTURE (RABBIT CELLS)

Rabbit bone marrow derived MSCs (rBMSCs) isolated from New Zealand white rabbits were
commercially sourced from Cyagen (Santa Clara, California). Cells were sourced at passage 2,
expanded using the manufacturers MSCs growth medium (OriCell™, Cat. No. GUXMX-90011,
Cyagen) and either used for in vitro chondrogenic analyses or frozen in liquid nitrogen for
downline use. Cells (Passage 3) were pelleted at a number of 2.5 x 10° and then subject to 3
weeks of chondrogenic stimulation using the manufacturers' chondrogenic differentiation

media (OriCell™, Cat. No. GUXMX-90041, Cyagen).

3.2.4 OSTEOGENIC DIFFERENTIATION — MONOLAYER 2D CULTURE (HUMAN CELLS)
Osteogenic differentiation was induced using cells at passage 3, by seeding hADSCs in 6-well
TCPS plates at a seeding density of 5.0 x 10° cells per well with complete hADSCs culture

media (Methods 3.1.2). The next day, osteogenic differentiation was commenced using

DMEM low-glucose (Sigma), 2% FBS (Gibco), 100 U mL? penicillin and 100 pL mL_1 of
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streptomycin (Gibco), 2 mM L-Glutamine (Gibco), 15 mM HEPES (Gibco), 10 mM B-
glycerophosphate (Sigma), 50 pug mL* ascorbic acid (Sigma) and 100 nM dexamethasone
(Sigma) was added. Osteogenic media was changed twice a week and samples were collected

and frozen at time points of 0 and 3 weeks.

3.2.5 ADIPOGENIC DIFFERENTIATION — MONOLAYER 2D CULTURE (HUMAN CELLS)

Adipogenic differentiation was induced using cells at passage 3, by seeding hADSCs in six-well
plates at a seeding density of 5.0 x 10° cells per well with complete hADSCs culture media
(see methods 2.2.2). The next day, adipogenic differentiation was commenced using DMEM
high glucose (Sigma), 2% FBS (Gibco), indomethacin 2 mM, 1 uM dexamethasone, 5 mM
IBMX and 10 uM Insulin Bovine. Adipogenic media was changed twice a week and samples

were collected and frozen at time points of 0 and 3 weeks.

3.3 PHENOTYPICAL ANALYSIS

3.3.1 HAEMATOXYLIN, FAST GREEN AND SAFRANIN 0 STAINING

Cells pellets were washed several times in PBS 1X, fixed in 1% paraformaldehyde (Santa Cruz
Biotechnology, Dallas, TX, USA) for 4 hours at room temperature and then washed three times
for 10 minutes each in PBS 1X. Next, they were embedded in Sucrose 30%-dH20 overnight at
4°C, embedded in O.C.T. TM Compound (Tissue-Tek, Sakura, Leiden, Netherlands) and flash-
frozen in liquid nitrogen. Cryosections of 10 um thickness were mounted onto glass slides and
stained with Weigert's Haematoxylin (Sigma-Aldrich) for 5 minutes, washed in tap water,
differentiated in Acid alcohol 1% (v/v) for 2 seconds and rinsed in dh20 3 times. Next, they
were stained with Aqueous Fast Green (Sigma-Aldrich) 0.05% (w/v) for 5 minutes and then
rinsed in Acetic acid 1% (v/v) for 30 seconds. Finally, they were stained in Safranin O (Sigma-
Aldrich) for 30 minutes, dipped in 95% (v/v) and 100% ethanol, cleaned three times for 1
minute each in Xylene (Chem-Supply, GILLMAN, SA, Australia) and then mounted in Pertex
medium (Grale HDS, Ringwood, VIC, Australia). Samples were imaged using an epifluorescent
inverted NikonTiE microscope equipped with a DSRi2 and NIS-Elements software using a Plan

Fluor ELWD 10X DIC L NA 0.45 objective.

3.3.2IMMUNOSTAINING — PELLET CULTURE
For fluorescence analysis, 10 uL thickness cryosections (for procedures see Safranin O staining

paragraph) were washed three times in PBS1X and permeabilized for 15 minutes in PBS 1X-
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0.1% TritonX-100 (PBT). Antigen retrieval was performed by adding 1 mg mI_1 Hyaluronidase
(SIGMA, #H6254) diluted in PBS 1X and incubating 30 minutes at room temperature. After
three washes 5 minutes each in PBS 1X, samples were dropped in blocking solution (10% goat
serum diluted in PBT) for 60 minutes at room temperature and then incubated overnight at
4°C with mouse anti-human Collagen Il (#116B3, DSHB) diluted 1:250 in blocking solution. The
day after, samples were washed, and the secondary antibody anti-mouse IgG Alexa Fluor-647
(#715-605-151, Jackson Immuno Research) diluted 1:100 in blocking solution was added and
incubated for 2 hours at room temperature. After three washes 5 minutes each in PBS 1X,
actin was labelled with Phalloidin FITC (#P5282 SIGMA) 1:500 diluted in PBT for 60 minutes,
next nuclei were stained with DAPI (Thermo Fisher Scientific Inc.) 1:200 diluted in PBT for 60
minutes. Sections were washed 5 minutes each in PBS 1X and mounted with Fluoromount-G
(Southern Biotech, Birmingham, AL, USA) onto glass slides. Samples were imaged with
NikonA1R confocal microscope using a Nikon Plan VC 10x DIC N2 N.A. 0.75 objective lens and
processed using NIS-Elements software and Large Image function (Nikon, Amsterdam,

Netherlands).

3.3.3IMMUNOSTAINING AND COLLAGEN 2 INTENSITY- 3D BIOSCAFFOLDS
For fluorescence analysis, 10 uL thickness cryosections (for procedures see Safranin O staining

paragraph) were washed three times in PBS 1X and permeabilized for 15 minutes in PBS 1X-

0.1% TritonX-100 (PBT). Antigen retrieval was performed by adding 1 mg mI_1 Hyaluronidase
(SIGMA, #H6254) diluted in PBS 1X and incubating for 30 minutes at room temperature. After
three washes 5 minutes each in PBS 1X, samples were dropped in blocking solution (10% goat
serum diluted in PBT) for 60 minutes at room temperature and then incubated overnight at
4°C with mouse anti-human Collagen Il (#1l16B3, DSHB) and goat anti-human Collagen | (#
sc8784, Santa Cruz) both diluted 1:250 in blocking solution. The day after, samples were
washed and secondary antibodies anti-mouse IgG Alexa Fluor-647 (#715-605-151, Jackson
Immuno Research) and anti-goat IgG Alexa Fluor-546 (# A11056, Thermo Fisher Scientific
Inc.), both diluted 1:100 in blocking solution were added and incubated for 2 hours at room
temperature. After three washes 5 minutes each in PBS 1X, actin was labelled with Phalloidin
FITC (#P5282 SIGMA) 1:500 diluted in PBT for 60 minutes, next nuclei were stained with DAPI
(Thermo Fisher Scientific Inc.) 1:200 diluted in PBT for 60 minutes. Sections were washed 5

minutes each in PBS 1X and mounted with Fluoromount-G (Southern Biotech, Birmingham,
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AL, USA) onto glass slides. Samples were imaged with NikonA1R confocal microscope using a
Nikon Plan VC 20x DIC N2 N.A. 0.75 objective lens and processed using NIS-Elements software
and Large Image function (Nikon, Amsterdam, Netherlands). The Collagen Il intensity
fluorescence measurement analysis was performed with the ROI features plug-in of NIS-

Element software.

3.3.4 IMMUNOPHENOTYPING — FLOW CYTOMETRY

Immunophenotypic characterisation of hADSCs, chondrocytes and hAPCs was performed by
using a fluorescence-activated cell sorting (FACS) analysis of cell-surface markers at passage
3. Cells were labelled with monoclonal antibodies against CD31, CD34, CD45, CD73, CD90,
CD146— FITC conjugates and CD44, CD49e—APC conjugated (Affimetrix bioscience,
ThermoFisher Scientific). Control samples were labelled with isotype-matched control

antibodies IgG1K-FITC and IgG1K-APC (Affimetrix bioscience). In brief, cells were trypsinised

and aliquoted at a concentration of 2.5 x 10° cells mL_l, fixed in 0.5% paraformaldehyde for
30 minutes at 4 °C, and washed once in PBS 1X. Next, samples were incubated with either
conjugated specific antibodies or isotype-matched control at the manufacturer's
recommended concentrations, diluted in PBS 1X supplemented with 5% FBS (FACS buffer).
Labelled cells were washed, suspended in FACS buffer and analysed using a FC500 flow

cytometer (Beckman Coulter).

3.4 MOLECULAR ANALYSIS

3.4.1 RNA EXTRACTION AND REVERSE TRANSCRIPTION

RNA was extracted and purified using Tri Reagent (Ambion, Austin, TX, USA) and the Direct
zol-RNA miniprep kit (Zymo research) as per manufacturers protocol. RNA concentration and
purity were measured using a NanoDrop spectrophotometer (Peglab, Erlangen, Germany)
and the Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA).
Complimentary DNA copies were reverse transcribed from 250 ng total RNA for all samples

using oligo-dT primers and the Omniscript RT kit (Quiagen) as per manufacturer's protocol.

3.4.2 CHONDROGENIC GENE EXPRESSION (QPCR)
Relative amounts of RNA were evaluated with the TagMan Gene expression assay (Applied
Biosystems, Foster City, CA, USA) using the following probes: SOX9, ACAN, COL2A1, COL1A2,

as target genes; GAPDH as the housekeeping gene, details shown in Table 3.1. RT-gPCR was
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performed using the Quant Studio 6 Flex Real-Time PCR System (Thermo Fisher Scientific),
relative quantification was calculated with the 2e™22¢"T method. The mean ACT value of the

control sample was used in each experiment to calculate the AACT value of sample replicates

by using the housekeeping gene (GAPDH).

TAQMAN gene markers

Applied biosystem
reference number

Lineage of
marker

Collagen 1 (COL 1A2)

Hs00164004_m1

Chondrogenic

Collagen 2 (COL 2A1)

Hs00264051_m1

Chondrogenic

Sex determining region Y-box9 (SOX-9)

Hs00165814_m1

Chondrogenic

Aggrecan (ACAN)

Hs00153936_m1

Chondrogenic

Hs02786624 gl

House Keeping

Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH)

Table 3.1. Probes used to assess chondrogenesis in RT- gPCR with the TAQMAN system.

3.4.3 OSTEOGENIC GENE EXPRESSION (QPCR)

Relative amounts of RNA were evaluated with the TagMan Gene expression assay (Applied
Biosystems, Foster City, CA, USA) using the following probes: osteocalcin (BGLAP), runX2 and
ALP as target genes; GAPDH as the housekeeping gene, details shown in Table 3.2. RT-gPCR
was performed using the Quant Studio 6 Flex Real-Time PCR System (Thermo Fisher
Scientific), relative quantification was calculated with the 2e™2T method. The mean ACT

value of the control sample was used in each experiment to calculate the AACT value of

sample replicates by using the housekeeping gene (GAPDH).

TAQMAN gene markers Applied biosystem Lineage of
reference number marker

Osteocalcin (BGLAP) Hs01587814 g1 Osteogenic

RUNX2 Hs01047973 _ml Osteogenic

Alkaline phosphatase (ALP) Hs01029144 m1 Osteogenic

Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH)

Hs02786624 gl

House Keeping

Table 3.2. Probes used to assess osteogenesis in RT- gPCR with the TAQMAN system

75




3.4.4 ADIPOGENIC GENE EXPRESSION (QPCR)

Relative amounts of RNA were evaluated with the SYBR power up green Gene expression
assay (Applied Biosystems, Foster City, CA, USA) using the following forward and reverse
primers: CEBPa and FAB 4 as target genes; GAPDH as the housekeeping gene, details shown
in Table 3.3. RT-qPCR was performed using the Quant Studio 6 Flex Real-Time PCR System
(Thermo Fisher Scientific), relative quantification was calculated with the 2e™2T method. The
mean ACT value of the control sample was used in each experiment to calculate the AACT

value of sample replicates by using the housekeeping gene (GAPDH).

SYBR green gene markers Primer Sequence Lineage of
marker

CEBPa (CCAAT/enhancer- FORWARD: TATAGGCTGGGCTTCCCCTT Adipogenic
binding protein alpha) REVERSE: AGCTTTCTGGTGTGACTCGG

FABP4 (Fatty Acid Binding | FORWARD: AACCTTAGATGGGGGTGTCCTG Adipogenic

Protein 4) REVERSE: TCGTGGAAGTGACGCCTTTC
Glyceraldehyde 3- FORWARD: AATTCCATGGCACCGTCAAG
phosphate REVERSE: AGGGATCTCGCTCCTGGAAG | House Keeping

dehydrogenase (GAPDH)

Table 3.3. Probes used to assess adipogenesis in RT- gPCR with the SYBR green system.

3.4.5 CHONDROGENIC ASSESSMENT - GAG/DNA QUANTIFICATION (HUMAN AND RABBIT
CELLS)

Cell pellets were collected and digested for 5 hours at 60°C using papaine extraction solution
(250 ug mL* papaine, Sigma-Aldrich) and then centrifuged. Aliquots of the supernatant were
assayed separately for glycosaminoglycan (GAG) and DNA content. Sulphated GAG content
was determined with the dimethylmethylene blue (DMMB) method and chondroitin
sulphate, while DNA content was determined with a Pico Green kit (Invitrogen). Synthetic

GAG activity was calculated using a normalised GAG/DNA ratio in each sample.
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3.5IN VITRO BIOFABRICATION - 3D BIOSCAFFOLDS

3.5.1 BIOINK FORMULATIONS

Gelatin-Methacryloyl/Hyaluronic Acid (GelMA/HA) was synthesized, as previously described
(175, 177). The material was dissolved to a final concentration of 100 mg mL~ GelMA and 25

mg mL_1 HA (GelMA 10% /HA 2.5%) in sterile PBS 1X (Sigma-Aldrich). Cells (passage 3) were
mixed into the hydrogel to form bioinks at 3 different cell concentrations: 1.25, 2.5 and 5.0
million hADSCs/mL. Next, 0.05% lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was

mixed into the bioink, which is a photoinitiator required for light assisted crosslinking.

*To enable the use of a consistent batch of GelIMa material throughout all experiments, the
MA degree of functionalisation amount was kept the same. Furthermore, changing the

degree of methacrylation changes the rheological properties leading to higher viscosity (317).

3.5.2 GENERATION OF BIOSCAFFOLD MOULDS

Using AutoCAD fusion 360 software (Autodesk), 200 pL volume (200mm?3 = 1cm? TSA, 2 mm
depth) mould templates were designed. Template were printed (Figure 3.1) using an Object30
Prime 3D polyjet printer (Stratasys) with MED610 (Stratasys) material. MED610 is an acrylic
based transparent biocompatible photopolymer which is used in 3D printing (318). The
resulting construct was cleaned and sterilised in 100% ethanol. Next, Platinum Silicone
Rubber Part A and B (Solid Solutions, Solid Mould 550), (Figure 3.1B), were evenly mixed and
stirred in a container. The mixture was then used to fill in the constructed template (Figure
3.1C) and covered with glass slides to contain the mixture without air bubbles. These were
left overnight, and then the glass removed. The resulting PDMS (the negative) rubber
construct was cut up into individual moulds (Figure 3.1D). Moulds were sterilised in an 80%

ethanol bath for 30 minutes and subject to UV light for 10 minutes before use.

3.5.3 BIOFABRICATION PROCEDURE - GENERATION OF 3D BIOSCAFFOLDS

The above three bioinks (Methods 3.5.1) were loaded into 1 mL syringe cartridges and
extruded into the individual PDMS scaffold moulds (described in Methods 3.5.2). Immediately
after extrusion, samples were UV irradiated at room temperature for 10 seconds to both top

and bottom using a 365 nm UV light source (Omnicure LX400 +, Lumen DynamixLDGI) with a

light intensity of 700 mW cm_z. The procedural workflow is visually represented in Figure 3.2.
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Figure 3.1. (Right) Design and
preparation of scaffold template
and moulds. A) Scaffold template,
B) Silicone Rubber parts A and B,
solid solutions, C) Filling of the
template with rubber solution, D)

Individual Bioscaffold mould.

hADSC concentrations (final):

Final hydrogel

composition: 1.25 million/ml
GelMa 10%/HA - :::::::;::
2.5%/LAP 0.05% '

UV light crosslinking
(365nm, 700 mW cm™)

‘\ 2mm
v

.
.
.
4
.
.
.
.
o

11.2 mm

Depth
=2mm

Diameter
=11.2 mm

Figure 3.2. (Left) Graphical representation
of the biofabrication procedure. Human
adipose-derived mesenchymal stem cells
(hADSCs), Gelatin-Methacryloyl/Hyaluronic
acid (GelMA/HA) and UV light assisted
photoinitiator (LAP).

78



3.6 DESIGN OF IN VIVO BIOFABRICATION PROCEDURE

3.6.1 BIOINK FORMULATIONS

Gelatin-Methacryloyl (GelMA) was synthesised, as previously described (175, 177). The

-1
material was dissolved to a final concentration of 60 mg or 100 mg mL  GelMA to form a soft

and a hard hydrogel (Soft = 6% GelMA and Hard = 10% GelMA) in sterile PBS 1X (Sigma-

Aldrich), containing 100 U mL_1 penicillin and 100 pL mL>1 of streptomycin (Gibco). Next, 0.1%
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was added (photoinitiator required
for light-assisted crosslinking). Notably, in comparison to the material used in section 3.5 - In
vitro biofabrication, HA is not used combined with GelMa. In the in vitro experiments, both
the top and bottom surfaces of the cylindrical bioscaffolds were crosslinked (described in
3.5.3) to enable full penetrance, which is more difficult to achieve with the addition of HA
which increases the material opacity (319). This was shown by work performed in our broader
lab in parallel (319), in the in vivo model only the top of the bioscaffolds construct can be
exposed to crosslinking and therefore HA was removed from the composition to allow full

penetrance of light.

3.6.2 MECHANICAL TESTING OF HYDROGELS— COMPRESSION TESTING

To validate the compressive strength of the two hydrogel formulations (Soft and Hard GelMA)
described above, unconfined compression testing which is well accepted in cartilage
engineering evaluation (320-322) was performed on triplicates of acellular scaffolds
fabricated into 200 plL templates (Methods 3.5.2). Testing was performed at controlled room
temperature (23°C) using a TA Electroforce 5500 mechanical loading device (TA Instruments,
New Castle, USA) fitted with a calibrated 22 N load cell. The contact point between the two
plates was recorded. Then, the sample was placed between two 4.2 cm diameter compression
plates, in an unconfined setting, as previously described (171). A ramp function controlled the
displacement of the upper plate, at a rate of 0.01 mm s, until a total displacement of 25% of
the sample height (0.5 mm). The contact area of the sample with the plate was measured by
microscopy imaging before the test. Additionally, the point of inflexion of the load versus time
curve showed the contact point between the sample surface and the compression plate to
give the sample height. Load and displacement measurements were converted into stress (o)
and strain (&) data using the sample surface area and height. The compressive modulus was
then computed using stress data between 25% and 30% strain as follows: Ec = (030-
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025)/(€30-£25). Three replicates for each of the formulations were tested and analysed. Data

graphs were designed using Prism 8 software (GraphPad).

3.6.3 HYDROGEL GELATION TIME — FILAMENT FORMATION TEST

The printability of a hydrogel in a semi-gelated form can be easily evaluated using a filament
formation test (177, 323, 324). Other recently described more elaborate methods that can be
used to assess the shape fidelity of a hydrogel post printing, include the filament collapse and
filament fusion tests (325). Using the filament formation test, 700 pl of each of the two chosen
hydrogels (6% GelMA and 10 % GelMA) were loaded into 1 mL pneumatic cartridges and a
250 um needle nozzle was attached. Next, the loaded system was kept in heater oven at 37°C
to maintain them in a liquid state. Bioinks were removed and allowed to gelate for different
time points using both a controlled room temperature of 23°C and a colder temperature of
4°C (Fridge). After respective gelation time points, cartridges (containing the bioinks) were
loaded vertically onto the stand of a pneumatic piston device, (Figure 3.3A). The pneumatic
piston device was set at an extrusion rate of 240 uL/min, which is the average controlled
extrusion pressure of a hand-held syringe. Extrusion was performed, and the morphology of
the bioinks as they emerged from the nozzle was observed using a fixed height video
recording device. The formation of a liquid droplet, which drops from the nozzle (Figure 3.3B)
was reported as a test failure, as the hydrogel is too liquefied for printing. The formation of
gel that curls before hanging <5 mm from the tip of the nozzle or can't be continuously
extruded for 5 seconds in a straight line indicated a failure of the test due to the hydrogel
being hypergelated, (Figure 3.3D). The formation of a thin filament, hanging >5mm from the
tip of the nozzle continuously over 5 seconds of extrusion indicated a test pass and meant
that the bioink was printable, (Figure 3.3C). The results from both the bioink compositions

using different gelation times and temperatures were then tabulated.
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Drop = Fail String = Pass Hypergelated = Fail

Figure 3.3. The filament formation test — assessment of hydrogel printability. A) Set-up, B)
Formation of a liquid drop at the end of the nozzle — nonprintable, C) Formation of a
continuous stringy filament upon extrusion, indicating a printable hydrogel composition. C)
Formation of a non-continuous stringy filament that folds before 0.5mm or 5 secs of extrusion,

hypergelated hydrogel. P — indicates the extrusion pressure.

3.6.4 SELECTION AND FIXATION OF THE LIGHT SOURCE (CROSSLINKING) AND DISTANCE

In view of being able to apply light-initiated cross-linking to bioscaffolds intraoperatively, a
portable and easily operated light source attachment (BioLambda 405 nM wavelength, visible
light, Sao Paulo, Brazil) was used. In this section a 405nM (visible light) source was used
compared to the UV light source (365nM) used earlier in the in vitro bioscaffolds study
(section 3.5.3). This transition was undertaken based on emergent findings in the literature,
which showed more biocompatibility, penetrance and homogenous cross-linking when using
visible light (>380Nm) assisted crosslinking for GelMa hydrogels in comparison to UV light
(159, 326).The BioLambda (405 nM wavelength, visible light) hand-held device can be easily
sterilised and surgically draped, enabling comfortable manoeuvring during surgery. Given the
diameter of the defect model to be used (Figure 3.4), the optimal distance between the light
source and the defect was identified as being 1 cm. This distance enables full coverage of the
defect area (4 mm circular diameter) without affecting healthy surrounding tissue, (Figure
3.4); furthermore, the intensity of light is maintained at 10 mW/cm? over 60 seconds enabling
adequate cross-linking of the hydrogel. To keep this distance fixed during the cross-linking
procedure, a customised 3D fixed distance attachment cover was designed and printed using
polylactic acid (PLA) material. This cover could be sterilised using ethanol and UV light, final

design and intraoperative are shown in the results section of chapter 6.

81



Figure 3.4. (Left) The
distance required to

cross-link the entire

light source

Distance between light source and

the defect to ensure full coverage

of only the defect and not normal
tissue = 10mm

defect repair surface

area safely. Green -

Hydrogel based repair

and Yellow —Visible
10 mm * -

light light (405 nm).
i9) Defect -
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3.7 IN VIVO BIOFABRICATION - RABBIT MODEL OF CARTILAGE REPAIR

3.7.1 ANIMAL ETHICS STATEMENT

This study was approved by the Animal Ethics Committee [AEC/002/19-r1] and the
Experimental Medical and Surgical Unit (EMSU) of St. Vincent's Hospital, Melbourne,
Australia. The animal study was conducted in accordance with the Australian Code for the

Care and Use of Animals for Scientific Purposes (8th Edition).

3.7.2 SURGICAL MODEL OF CHONDRAL REPAIR

ANIMALS

Twelve New Zealand white male rabbits (Flinders, South Australia) between 3 and 4 months
of age (Weight 2.7-3.0 kg) were used for the study (n=6 for each time point), an extra 2 were
set aside based on the complication rates described in the literature (292). Rabbits were

acclimatised and individually housed in cages.

In the rabbit model, the lateral collateral ligament commonly traverses and is in contact with
the under surface of the lateral femoral condyle, to combat this, all treatment groups were

evenly randomised to either condyle. In each rabbit, all four treatment groups were
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performed, therefore utilising all the femoral condyles, Table 3.4. Timepoints were selected
based on when early and mature cartilage formation is detectable, which is generally at 3-4

and 6-8 weeks, respectively post-repair (308).

Although rabbit cartilage can spontaneously heal (309), the literature suggests using a 3 mm
diameter defect or larger as the critical-size to prevent this natural revival (310-312). Rabbit
articular knee cartilage, on average is approximately 0.3 mm thick (or deep) (313), the width
of each condyle is roughly 5-6mm. (314, 315) Therefore based on current literature, to assess
critical size defects (314, 315) in this model a 4 mm diameter circular defect with a depth of
0.3 mm was chosen, this creates a volume of approximately 4 puL (mm3), (Figure 3.5). A
cylindrical defect is used as it can be easily manipulated using a twisting motion with a punch
biopsy; in contrast, procedurally it is difficult to accurately create a cuboid type punch defect

with such a small thickness.

B 4 mm
Defect
Ca(\a I—l—l # s e
Bone
Empty defect Microfracture repair
(negative control) (positive control)
C 4 mm D 4 mm
c,a“a #03mm ca(® $03mm
Bone Bone
Biofabrication treatment group 1 Biofabrication treatment group 2
S.0million stem cells/ml 5.0millionstemcells/ml
Soft Hydrogel: 6% GelMA Hard Hydrogel: 10% GelMA

Figure 3.5. Graphical representation of treatments groups used in the rabbit model of
cartilage repair. A) Empty, B) Microfracture repair and C-D) Biofabrication treatment groups.

GelMA - Gelatin-Methacryloyl.
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Treatment group 4-week timepoint 8-week timepoint

A) Empty (Negative control) n=6 n=6

B) Microfracture (Positive control) n=6 n=6

C) Biofabrication treatment group 1
5.0 million stem cells/mL n=6 n=6
Soft Hydrogel: 6% GelMA

D) Biofabrication treatment group 2
5.0 million stem cells/mL n=6 n=6
Hard Hydrogel: 10% GelMA

Total number of animals 12 animals (2 extras purchased, 14 in total)

Table 3.4. Distribution of rabbits and treatment groups. *Note each rabbit has 4 condyles.

SURGICAL PROCEDURE

After subcutaneous injection of a pre-anaesthetic agent, general anaesthesia was induced
using 35 mg/kg of ketamine (CEVA Animal Health Pty Ltd, Glenorie, NSW, Australia) and 5
mg/kg of xylazine (Troy Laboratories Pty Ltd, Glendenning, NSW, Australia). Anaesthesia was
maintained intraoperatively using isoflurane/oxygen (AbbVie Pty Ltd, Botany, NSW,
Australia). After successful induction of anaesthesia, knee and groin hair was shaved and the
skin was prepped (decontaminated) using a 70% alcoholic chlorhexidine solution (Biotech
Pharmaceuticals Pty Ltd, Laverton North, Victoria, Australia). A midline longitudinal incision
was made over the knee joint followed by a medial parapatellar arthrotomy to access the
joint. The patella was then dislocated laterally, and the infrapatellar fat pad was removed
with a scalpel and discarded to help expose the femoral condyles. The knee was then flexed
to reveal the weight-bearing regions of the femoral condyles. A cylindrical chondral defect in
the centre of each of the femoral condyles was created using a 4 mm diameter biopsy punch
and tissue was removed by scalpel dissection. This procedure was performed again on the
contralateral knee, therefore, exposing both distal femurs (total of 4 femoral condyles per
rabbit). Animals were randomly assigned to treatment groups, and treatment groups were

evenly allocated to medial and lateral condyles. The four treatment groups performed were:

1) Empty defect -> No repair performed (Negative control).

2) Microfracture -> Subchondral bone in the defect was pierced with a micro awl several

times to allow for bleeding and then clotting (Positive control).
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3) Biofabrication treatment group 1 -> Stem cells at a concentration of 5.0 million MSCs
/mL were mixed with 6% GelMA/0.05% LAP (Prepared before surgery, see 5.2.2) and
into a 1 mL pneumatic syringe (250 um needle nozzle attached). The syringe was then
placed in a 4°C fridge for 9 minutes prior to use. Bioinks were then extruded using the
hand-held syringe directly into the defect. The final construct was subject to visible
light (405 nm wavelength) for 60 secs, held 1 cm away from the defect to allow for

cross-linking of only the defect regions of focus (Treatment group 1).

4) Biofabrication treatment group 2: same as biofabrication treatment group 1 but using
the harder hydrogel bioink composition of 10% GelMA/0.05% LAP and 3 minutes for

gelation in a 4°C fridge (Treatment group 2).

Post-treatment, the patella was relocated, and the joint capsules were closed using 4—0 dexan
sutures (Ethicon, Johnson & Johnson Medical, Somerville, NJ). The skin was closed using 5-0
monocryl subcuticular continuous stitch (Ethicon) and reinforced with interrupted horizontal
sutures where necessary. The closed wound was then sprayed with wound fixation spray

(Smith and Nephew, Australia).

Postoperative analgesia was subcutaneously administered as required using Carprofen 1.5
mg/kg (Carprofen Ventral TM, Sigma—Aldrich Corp., St Louis, MO). Animals recovered on a
heat pad before being returned to their pens. Animals were monitored by animal technicians
daily. Wound healing was monitored for 5-7 days. The rabbits could mobilise freely post-
recovery in open pens (hay bedding) for the remainder of the tested time point, and access
to food and drink was ad libitum. At respective time points, rabbits were humanely killed
using inhalation anaesthesia followed by intracardiac injection of Lethobarb (Virbac Australia
Pty Ltd, Milperra, NSW, Australia). The knee joint was exposed, disarticulated, and the

femoral condyles were harvested.

3.7.3 MACROSCOPIC EVALUATION

The femoral joints were explanted, and then the distal femur and femoral condyles were
exposed and cut using a hand-held rotary saw (Dremel, USA). The defects were
macroscopically assessed using the International cartilage repair society (ICRS) macroscopic

cartilage repair score, Table 3.5 (327). Four investigators with expertise in the field of
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ICRS MACROSCOPIC SCORING SYSTEM OF CARTILAGE REPAIR

PARAMETERS POINTS PARAMETERS POINTS
Degree of defect repair Integration to the border zone
0% depth of defect repair 0 % of graft integrated, or no 0
25% depth of defect repair 1 integration
50% depth of defect repair 2 % of graft integrated (border 1
75% depth of defect repair 3 >1mmin %)
level with surrounding cartilage 4 % of graft integrated (border 2
>1 mmin %)
Demarcating border < 1mm 3
Complete integration 4
Macroscopic appearance MAXIMUM SCORE AVAILABLE 12
Total degeneration of the grafted 0 Grade | (normal) 12
area Grade Il (nearly normal) 8-11
Several, small/few but large 1 Grade Il (abnormal) 4-7
fissures Grade IV (severely abnormal) 1-3
Small, scattered fissures or cracks 2 No repair 0
Fibrillated surface 3
Intact smooth surface 4

musculoskeletal disease and repair scored images of the defects and were blinded to the
treatment type. Scores were collated and evaluated using Prism 8 (GraphPad) software.
Table 3.5. Macroscopic scoring system of cartilage repair. System according to the

international cartilage repair society (ICRS) (327).

3.7.4 BIOMECHANICAL EVALUATION - ATOMIC FORCE MEASUREMENT

Following the macroscopic evaluation, 1 by 1 cm osteochondral blocks centred over the
defect area (containing the defects and subchondral bone) were cut out using a hand-held
rotary saw. The blocks were cute in such a way that there was a 3 mm bone and cartilage
margin surrounding the original defect. The osteochondral blocks were then taken for atomic
force measurement using a nanoindentation system. AFM nanoindentation was performed
on an MFP-3D (Asylum Research) using the contact mode MLCT probe (Bruker Nano Inc).

Force curves were presented to an indentation force of 5 nN at an approach rate of 2 ms™.
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The sample Poisson's ratio was set at 0.31 based on literature describing the ratio in 4-month-
old male New Zealand white rabbits (328). The Young's Modulus was obtained using the Hertz
indentation model approximating the tip-shape as a 19.2° cone. Osteochondral defects were
submerged in PBS 1X during measurement to preserve samples without drying. To enable the
substantial representation of each defect, 100 indentations across three different regions
were performed in a standardised fashion, making 300 force curves per sample. Three
samples for each of the microfracture and two biofabrication treatment groups for both time
points were measured. The same AFM probe was used for all measurements. Empty groups
were not tested at these time points given the time-critical nature of getting samples though
the AFM workflow and into formalin fixation for microscopic testing. However, the empty
group and healthy rabbit knee cartilage were tested at time 0, using the extra/spare rabbits.
As a reference, the youngs modulus reported in the literature for healthy 3 month-old male

rabbit knee cartilage is roughly 600 kPa (329, 330).

3.7.5 MICROSCOPIC EVALUATION- HISTOLOGY AND SCORING

Following AFM analysis, osteochondral blocks were fixed in 10% neutral buffered formalin
(Sigma Aldrich) for 48 hours. Subsequently, the samples were decalcified using ETDA as
previously described for up to 48 hours (226, 331), then embedded in paraffin wax and
allowed to cool for 60 minutes. Cryosections of 7 um thickness were mounted onto glass
slides and stained with Haematoxylin and Eosin as per the respective anatomical
histopathology service protocol used (4-week samples -> University of Melbourne
Histopathology Service, 8-week samples -> St Vincent's Public Hospital Melbourne Pathology
department). Samples were imaged using a high-resolution mirax digital slide scanner
(University of Melbourne, Australian Phenomics Networks Service) and subsequently
processed using the caseviewer 2.3 software application (3d histotech, Budapest, Hungary).
Stained samples (H&E) were collated and prepared. Subsequently, samples were blinded and
scored by three different investigators from different backgrounds (Molecular biologist,
Cellular biologist and Orthopaedic surgeon) using an adapted version of the modified
O'Driscoll scoring system (Table 3.6), which was developed according to the Osteoarthritis
Research Society International (OARSI) recommendations (18). Three parameters were

removed from the original system, as they assess osteochondral repair: subchondral bone
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formation, intactness of calcified layer and inflammation. Results were graphed and statistical

evaluation performed using Prism 8 (GraphPad) software.

MODIFIED O'DRISCOLL MICROSCOPIC SCORING SYSTEM OF CARTILAGE REPAIR
PARAMETERS POINTS PARAMETERS POINTS
Tissue morphology Matrix staining
Exclusively non-cartilage 1 None 1
Mostly non-cartilage 2 Slight 2
Mostly fibrocartilage 3 Moderate 3
Mostly hyaline cartilage 4 Strong 4
Structural integrity Surface architecture
Severe disintegration 1 Severe fibrillation or 1
Cysts or disruption 2 disruption
No organisation of chondrocytes 3 Moderate fibrillation or 2
Beginning of columnar 4 irregularity
organisation of chondrocytes Slight fibrillation or 3
Normal, similar to healthy 5 irregularity
mature cartilage Normal 4
Chondrocyte clustering in implant Lateral integration
25-100% of cells clustered 1 Not bonded 1
<25% of cells clustered 2 Bonded at one end 2
No clusters 3 only/partially at both ends
Fully bonded at both ends 3
Basal integration Defect filling
<50% 1 <25% 1
51-75% 2 26-50% 2
76-90% 3 51-75% 3
91-100% 4 76-90% 4
91-110% 5
TOTAL MAXIMUM SCORE AVAILABLE 32

Table 3.6. Microscopic scoring system of cartilage repair. A system adapted from the Modified

O'Driscoll histological score described by Nettles et al 2008, (332).
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3.7.6 MICROSCOPIC EVALUATION- IMMUNOSTAINING
For fluorescence analysis, 7 pL thickness sections (for section preparation refer to Methods

3.7.5) were washed three times in PBS 1X and permeabilised for 15 minutes in PBS 1X-0.1%

Triton X 100 (PBT). Antigen retrieval was performed by adding 1 mg mL_1 Hyaluronidase
(SIGMA, #H6254) diluted in PBS 1X and incubating for 30 minutes at room temperature. After
three 5 minute washes each in PBS 1X, samples were dropped in blocking solution (10%
bovine serum albumin diluted in PBT) for 60 minutes at room temperature and then
incubated overnight at 4°C with mouse anti-rabbit Collagen Il (#116B3, DSHB) and goat anti-
rabbit Collagen | (# UNLB, Southern Biotech) both diluted 1:250 in blocking solution. The day
after, samples were washed and secondary antibodies anti-mouse IgG Alexa Fluor-647 (#715-
605-151, Jackson Immuno Research) and anti-goat IgG Alexa Fluor-546 (# A11056, Thermo
Fisher Scientific Inc.), both diluted 1:100 in blocking solution were added and incubated for 2
hours at room temperature. After three washes 5 minutes each in PBS 1X, nuclei were stained
with DAPI (Thermo Fisher Scientific Inc.) 1:200 diluted in PBT for 60 minutes. Sections were
washed 5 minutes each in PBS 1X and mounted with Fluoromount-G (Southern Biotech,
Birmingham, AL, USA) onto glass slides. Samples were imaged with a NikonA1R confocal
microscope using a Nikon Plan VC 20x DIC N2 N.A. 0.75 objective lens and processed using

NIS-Elements software and Large Image function (Nikon, Amsterdam, Netherlands).

3.8 THEOREMS

3.8.1 CELLULAR ADHERENCE

The percentage of adherence was calculated using the following equation:

[(Isolation cell count) — non-attached cell count] x 100
Adherence (%) =

(Isolation cell count)

3.8.2 GROWTH KINETICS - DOUBLING TIME
The proliferation rate of the cells between isolation and passage 1 (PO-1, i.e., never passaged)
was evaluated by calculating their doubling time over 7 days. The cell population doubling

time was calculated using the following equation (333):

Doubling time = (t2 —t1) x [In (2) / In (n2/n1)]
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Theorem: Where t2-t1 is the number of days in culture, n2 is the number of cells recovered

after the duration of expansion, and n1 is the total number of cells seeded.

3.8.3 THE MAXIMUM DEFECT VOLUME REPAIRABLE

Human IFP was opportunistically harvested from patients undergoing elective total knee
arthroplasty with informed consent and used within 24 hours. Human ADSCs were then
isolated using the rapid 85-minute isolation protocol and expanded. Using the average
number of IFP-derived hADSCs obtainable after a set period of expansion, and the minimum
cell concentration, the maximum repairable defect volume can be calculated (Figure 3.6). This

maximum repairable defect volume forms the upper limit for the indication of treatment.

IFP-derived hADSCs isolated in 85 mins Minimum hADSC concentration
in a GelMa/Ha hydrogel to
produce chondrogenesis
(Objective two)

R
?

Expanded for ‘X’ days »
(Objective one)

......

? Maximum volume

Maximum volume (ml) = Minimum cell concentration (hRADSC/ml)

‘Y’ amount of hADSCs
(Objective one)

‘X’ number of hADSCs after ‘Y’ days of expansion

‘X’ =earliest timeframe at which expanded cells can become chondrogenic
'Y’ = Number of hADSCs after ‘X’ days of expansion

Figure 3.6. Graphical representation of how the maximal repairable chondral defect volume is
calculated. Human adipose-derived mesenchymal stem cells (hADSCs), Gelatin-

Methacryloyl/Hyaluronic acid (GelMA/HA).

3.9 STATISTICAL ANALYSIS

All statistical analyses were performed using Prism 8 (GraphPad) software. Differences
between the experimental groups were determined using the unpaired t-test. Significance

was represented as follows:

=p<0.05; =p<0.01; = p <0.001; not significant (n.s.) = p > 0.05.

Unless otherwise stated, data are presented as mean +/- standard error margin (SEM).
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CHAPTER 4: CHONDROGENIC
POTENTIAL OF CELL SOURCES
WITHIN THE KNEE JOINT AND
OPTIMISATION OF THE CELL
ISOLATION PROTOCOL
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4.1 INTRODUCTION

Numerous cell sources with chondrogenic potential have been used in in the field of cartilage
tissue engineering. Such cells can be autologously harvested from different areas within the
human body such as subcutaneous fat tissue, blood and the bone marrow (120, 129, 334).
Ideally, with a view of clinical translation, the source used in chondral repair would display
high chondrogenic potential, would be expandable and be isolatable from within the knee
joint. This proximity of tissue harvest site to the defect region empowers future regenerative
approaches in which the same harvest and reimplantation site could be utilised; this concept
is described in a published review related to this work, Appendix 1 (335). Thus, we first
identify the most chondrogenic cell from within the knee joint, which is hypothesised to be
the human adipose-derived mesenchymal stem cell (hADSCs) originating from the
infrapatellar fat pad (IFP). IFP-derived hADSCs were tested against two other chondrogenic
sources from within the knee: the adult articular chondrocyte and the human articular

progenitor cell (hAPCs).

Once an ideal tissue source is harvested, it is imperative to speed up the cellular isolation
timeframe, this allows for an efficient downline reimplantation strategy and limits the
duration of cellular exposure to in vitro environments and animal-based products. This is a
crucial knowledge gap as current attention in the field is on in vitro optimisation and a lack of
translative direction. A detailed review of how the isolation duration could be reduced has
also been published in relation to this work, Appendix 2 (336). We hypothesised that this
could be achieved by optimising the chemical breakdown and plastic adherence steps of the
standard protocol with respect to efficiency. Considering our findings, a novel rapid isolation
procedure was devised and validated by comparing it against the standard IFP-derived

hADSCs isolation procedure.

4.2 RESULTS

CHONDROGENC POTENTIAL OF DIFFERENT CELL TYPES WITHIN THE KNEE JOINT
Chondrocytes (Cartilage-derived), hAPCs (Cartilage-derived) and hADSCs (IFP-derived), were
isolated from respective tissue sources using the established isolation protocols described in

the methods section. Cell populations were then culture-expanded for three passages before
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undergoing immunophenotyping. Cells were then subject to three weeks of chondrogenic

differentiation in pellet culture.

4.2.1 PHENOTYPICAL PROFILES OF THE THREE CELL TYPES TESTED

The phenotypes of the three different cell lines isolated were investigated using a
cytofluorimetric analysis (Table 4.1 and Appendix 3), performed as described in the methods
section. The expression of CD 44 and CD 105 is negative in hAPCs and positive for the other
two cell types. However, there is no other clear delineating difference in marker expression
to help differentiate these cell lines phenotypically. Given hADSCs reside in the IFP and the
other two cell lines in articular cartilage, the major difficulty lies in phenotypically
distinguishing between the chondrocyte and the hAPCs, which so far can only be

characterised using CD 44 and 105 expression.

Marker Description hADSCs % | Chondrocytes % | hAPCs %
CD44 Chondrogenic potency marker 100 (+) 98.94 (+) 0.60 (-)
CD 73 | Extracellular adenosine production | 99.03 (+) 97.80 (+) 98.50 (+)
CD 90 Cell-cell matrix interaction 94.67 (+) 100 (+) 97.40 (+)

CD 105 Modulates TGF-B function 99.88 (+) 99.83 (+) 0.8 (-)

Notch 1 | Signalling pathway differentiation 0.13(-) 0.09 (-) 0.6 (-)

Table 4.1. Flow cytometry results summary of key markers tested in hADSCs, chondrocytes
and hAPCs. The expected phenotype is noted as positive/negative. Data are presented as a
mean of three different patients (n=3); significant activity was calculated with unpaired t-test.

An example of on the gating plots can be found attached in appendix 3.

4.2.2 CHONDROGENIC DIFFERENTIATION CAPACITY OF THE THREE CELL TYPES TESTED

To compare the chondrogenic potential between the three cell lines isolated, pellet culture
was performed over three weeks and assessed. Pellet morphology was observed to evaluate
the production of ECM. Also, a qPCR was performed to assess the expression of typical

chondrogenic markers as described in the methods section.

With chondrogenic stimulation, it would be expected for pellet cultures to increase in size

due to new extracellular matrix production. Pellet cultures (Figure 4.1A) demonstrate
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substantial growth in the hADSCs group over three weeks, while hAPCs cultures remained the
same size. Notably, chondrocytes cultures reduced in size over the three weeks, consistent
with dedifferentiation in 3D culture. The gene expression assay (Figure 4.1B) represents
chondrogenesis within the hADSCs group over three weeks, while a lack of chondrogenesis is
evident in the chondrocyte group. The hAPCs group displayed a basal rate of chondrogenic

gene expression; however, it was significantly less in comparison to the hADSCs.

A Morphological analysis of
Pellet culture
hADSCs [Chondro| hAPCs
o |l |l |
o | | |
|
lcm
B COL 2A1 COL 1A2
61 800+
600
4004
4 200-
5.
2 4
T 34 hAPCs
24
14 B Chondroctyes
0 .
D0 D7 D21 0 D0 D7 D21 @8 hADSCs
SOX 9 Aggrecan (ACAN)

D0 b7 Do 7o 07 D21

Figure 4.1. Chondrogenic assessment of hADSCs, chondrocytes and hAPCs. (A) Pellet
morphology over three weeks of chondrogenic differentiation. (B) Bar graphs represent the
expression of chondrogenic gene markers; Collagen type Il (COL2A1, Collagen type | (COL1A2),
Aggrecan (ACAN) and Sox-9 (SOX9) over three weeks. Data are presented as mean +/-
standard error margin (SEM) between three biological replicates from two different patients

(n=2), significant activity was calculated with an unpaired t-test.
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OPTIMISATION OF THE CURRENT IFP-DERIVED HADSCs ISOLATION PROTOCOL

Results from aim 1 show that the IFP- derived hADSCs group displays the most chondrogenic
potential. Given these findings, the next objective of this chapter focussed on the acceleration
of the standard laboratory isolation protocol for IFP-derived hADSCs. The steps that could be
optimised for efficiency included the chemical digestion of fat and cellular adherence to non-
coated tissue culture polystyrene (TCPS). These aspects were individually assessed and

optimised; then, based on successful findings, a rapid isolation protocol was generated.

4.2.3 REDUCTION IN CHEMICAL DIGESTION DURATION
To identify the quickest duration of chemical digestion required for adequate cell retrieval
and viability, a range of collagenase assisted digestion durations were tested. As a reference,

3 hours(control) is used as per our standard laboratory isolation protocol (Figure 4.2).

Cell count and viability were then assessed as described in the methods section. At 10- and
20-minute digestion timeframes there were low cell counts of 5.0 x 10® and 4.0 x 10*
respectively, furthermore, low cell viabilities of 7% and 20% respectively were observed. The
30-minute and 3-hour (Control) chemical digestion timeframes yielded a cell count of 2.25 x
10° and 2.5 x 10° cells, and cell viability of 83% and 75% respectively. Notably, there was no

significant difference between the 30-minute and 3-hour (Control) groups for both features.

A  Effect of chemical digestion duration on cell count B  Effect of chemical digestion duration on cell viability
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Figure 4.2. Effect of different durations of chemical digestion on cell yield and viability. Bar
graphs representing the effect on cell count (A) and cell viability % (B). Data are presented as
mean +/- SEM between three biological replicates from three different patients (n=3),

significant activity was calculated with an unpaired t-test.
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4.2.4 REDUCTION IN SELECTIVE TCPS ADHERENCE DURATION

To reduce the adherence duration associated with tissue culture polystyrene (TCPS),
Matrigel-coated TCPS were compared to the non-coated TCPS (control) used in the standard
isolation protocol. This coating formulation was chosen as it has been shown to speed up
Sertoli cells adherence (30 minutes) (278) and has been optimised for 2D culture expansion

of neural and embryonic stem cells with no effect on molecular characteristics (279).

Various adherence timepoints between 10 minutes and 24 hours were tested for both
Matrigel-coated and non-coated TCPS groups. As expected, it took 24 hours to achieve
reasonable adherence of cells to non-coated TCPS; however, it only took 30 minutes to obtain
a similar level of cellular adhesion in the Matrigel-coated TCPS group, (Figure 4.3A). A
comparable cellular adherence level of 60% is seen when 30 minutes of Matrigel-coated wells
were used, compared to 58% seen when 24 hours of non-coated wells were used (Figure

4.3B). No significant difference was observed between these two groups at these timeframes.
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Figure 4.3. Cellular adherence on non-coated versus Matrigel-coated TCPS based on duration.
Bar graph representing the effect of all timeframes tested (A) and non-coated TCPS at 24 hours
compared to Matrigel-coated TCPS at 30 minutes. TCPS - Tissue culture polystyrene. Data are
presented as mean +/- SEM between three biological replicates from three different patients

(n=3), significant activity was calculated with unpaired t-test.

THE NEWLY GENERATED RAPID IFP-DERIVED HADSCs PROTOCOL

Based on these two key findings, a rapid IFP-derived hADSCs isolation protocol was devised.
Two changes were implemented: 30 minutes of chemical digestion with collagenase and 30
minutes of cellular adherence using Matrigel-coated TCPS. This led to the generation of an

85-minute isolation procedure (Bottom pathway of Figure 4.4).
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Figure 4.4. Graphical representation of the experimental design and timeframes of both rapid

and control isolation groups.

VALIDATION OF THE RAPID ISOLATION PROTOCOL

To validate that the time required to isolate IFP-derived hADSCs can be reduced by modifying
the chemical breakdown and cellular adherence steps (Figure 4.4), IFPs were isolated from
three different patients. Each fat pad was weighed, divided equally into two, and then cell
isolations were performed by following either the rapid or the control (standard) isolation
protocols, the demographic characteristics are presented in Table 4.2.
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Characteristic Overall Control isolation Rapid isolation p-value

Age (years) 60.67 +/- 5.81 n/a n/a n/a
Fat harvested 2.09 +/-0.04 1.05 used (50%) 1.05 used (50%) n/a
(per IFP, grams)
Cell number n/a 40.7 +/- 1.34 x 10* | 36.8 +/-2.05 x 10* 0.19
(Pre selective
adherence)
Selective n/a 74.28 +/- 3.63 75.79 +/- 2.31 0.74
adherence %
hADSCs number n/a 30.2 +/-0.68 x 10* | 27.9 +/-0.93 x 10* 0.12
(Post selective
adherence)

Table 4.2. Patient demographics of the three different patient lines tested. Data are presented
as mean +/- SEM between three biological replicates from three different patients (n=3),

significant activity was calculated with an unpaired t-test.

4.2.5 CELL RETRIEVAL EFFICIENCY

The cell count post isolation and cell viability using both isolation approaches were evaluated
to assess if there was any reduction in cell yield or viability associated with using 30 minutes
of collagenase digestion (Figure 4.5A-B). The rapid isolation approach yielded 3.68 x 10° (+/-
3.55 x 10%) compared to 4.07 x 10° (+/- 2.32 x 10%) live cells in the control isolation approach
with no significant difference shown. Mean cell viability was 86.04 % (+/- 1.3) and 85.02 %
(+/-1.42) for the rapid and control isolation groups, respectively, with no significant

difference.

Next, to quantify how selective Matrigel-coated TCPS weer for adherence of a hADSCs
population, the attachment percentage and post-attachment cell count was evaluated,
comparing it to the non-coated TCPS control group (Figure 4.5C-D). Mean cell attachment was
75.79% (+/-2.31) in the rapid isolation group and 74.28% (+/- 3.63) in the control isolation
group, with no significant difference. The number of hADSCs isolated post selective
adherence in the rapid and control isolation groups was 2.79 x 10° (+/- 6.81 x 103) and 3.02 x
10° (+/- 9.28 x 103) respectively, with no significant difference. Notably, in all measures, there

was no statistically significant difference observed between the two groups. Therefore, there
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is no alteration in the ability to isolate a hADSCs population by reducing the chemical

breakdown duration and using Matrigel-coating for adherence.
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Figure 4.5. Comparison of rapid and control isolation groups for yield, viability, and adherence.
Bar graphs representing the cell count (A), cell viability (B), cell adhesion (C) and hADSCs count
post- adhesion (D). All data were calculated using trypan blue staining. Data are presented as
mean +/- SEM between three biological replicates from three different patients (n=3),

significant activity was calculated with an unpaired t-test.

4.2.6 IMMUNOPHENOTYPIC CHARACTERISATION

To assess if the reduction of the chemical breakdown phase and the adhesion to Matrigel-
coated TCPS lead to the selection of a pure hADSCs population the immunophenotype of the
cell populations isolated using both rapid and control isolation protocols were compared

using morphological observation and flow cytometric analyses, Table 4.3.

Typically, hADSCs appear spindle-shaped early in expansion and then exhibit a smoothened
morphology after long-term expansion, which was demonstrated in both isolation groups
using bright-field microscopy (data not shown). After 3 weeks of expansion hADSCs typically
express >90% positivity of the markers CD44, CD49c, CD73 and CD90 and <3% positivity of
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CD31, CD34, CD45 and CD146, (337, 338). The immunophenotypic analysis showed that cells
from both groups expressed the expected hADSCs profiles with no significant difference seen

in any of the markers tested (Table 4.3).

Marker | ppenotype Descripion group % | roup % | vatue
CD 31 - Endothelial cell marker 0.66 0.83 0.60
D 34 ) Hematopoietic/Endothelial 594 579 0.68
marker
CD44 + Chondrogenic potency marker 99.86 99.82 0.57
CD 45 - Leukocyte cell marker 1.05 0.89 0.53
CD 49c + Chondrogenic potency marker 95.43 95.52 0.98
D 73 N Extracellular afjenosine 98.61 98.34 0.79
production
CD 90 + Cell-cell-matrix interactions 97.78 97.86 0.95
CD 146 - Cell migration and angiogenesis 2.28 1.92 0.80

Table 4.3. Summary of flow cytometry results of markers tested in both isolation groups. A
description of each type of marker tested is detailed. Data are presented as a mean between
three different patients (n=3), significant activity was calculated with an unpaired t-test.

Detailed gating imaging can be found attached in appendix 4.

4.2.7 TRILINEAGE DIFFERENTIATION OF RAPIDLY ISOLATED HADSCS

CHONDROGENIC DIFFERENTIATION

To evaluate if the use of the rapid isolation procedure affects the chondrogenic potential of
the hADSCs population obtained, a 3-week differentiation study using pellet cultures of cells
derived from both isolation groups was performed. Pellets grew from both groups grew in
size and displayed a consistent white opaque macroscopic appearance consistent with ECM
production, and validated with safranin O staining (Figure 4.6A). Next, the
glycosaminoglycan/deoxyribonucleic acid (GAG/DNA) ratio (Figure 4.6B) and gPCR (Figure
4.6C) for chondrogenic gene expression (COL2A1, COL1A2, SOX-9 and ACAN) were tested.
During chondrogenesis, the GAG/DNA ratio increases over three weeks as more ECM is
produced, raising the GAG amount, which is seen in both rapid and control groups, p=0.004

and p=0.002. No significant difference is seen when comparing both groups after 21 days.
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With chondrogenesis, gene expression of COL 2A1 and ACAN upregulates from no expression
at day 0 to expression by day 21, while for COL 1A2 and SOX-9 there is a basal expression at
day 0 which should significantly increase by week 3 (339). COL2A1 and ACAN expression in
both rapid and control groups switched from no expression at day 0 to expression at day 21.
COL1A2 expression in both rapid and control groups increased significantly from day 0 to day
21, p=0.046 and p=0.013, respectively. SOX-9 expression in both rapid and control groups
increased significantly from day 0 to day 21, p=0.002 and p=0.008, respectively. Notably, for
all genes, there was no significant difference in expression when comparing the rapid against
the control groups at 21 days, suggesting successful chondrogenic differentiation of rapidly

isolated hADSCs with no alteration in cell potency secondary to the modifications made.
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Figure 4.6. Chondrogenic assessment of rapidly isolated hADSCs. (A) The first two columns
show images of pellet size over three weeks in both control and rapid groups. The third column

represents the histological analysis of 10 um cryosections stained with Safranin O, which
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detects the accumulation of GAG in the ECM. (B) Bar graph representing the GAG/DNA ratio,
showing the change in GAG production over 21 days, fold changes are calculated relative to
the control isolation group at day 21. (C) Bar graphs represent fold changes relative to the
control isolation group at day 21 for chondrogenic gene markers. Data are presented as mean
+/- SEM between three biological replicates from three different patients (n=3), significant

activity was calculated with an unpaired t-test.

OSTEOGENIC AND ADIPOGENIC DIFFERENTIATION

Both an osteogenic and adipogenic differentiation assay were performed with cells isolated
using the rapid isolation, to confirm the trilineage capacity associated with a MSCs line. A 3-
week osteogenic and adipogenic differentiation study was conducted using a 2D culture of

cells obtained in both isolation groups as described in the methods section.

After three weeks of osteogenic differentiation, cells displayed morphology consistent with
early osteogenic differentiation which is represented by structurally organised cellular
clusters and early mineralisation visible with bright-field microscopy, (Figure 4.7A). Next,
gPCR (Figure 4.7B) for osteogenic gene expression analysis (Osteocalcin, RUNX2, and ALP)
was tested. With osteogenesis, gene expression of Osteocalcin, RUNX2, and ALP should
increase from a basal state at day O significantly at day 21 (340). Although ALP expression in
both rapid and control groups increased from day 0 to day 21, no statistical significance was
seen. RUNX2 expression in both rapid and control groups increased significantly from day 0
to day 21, p=0.03 and p=0.005, respectively. Osteocalcin expression in both rapid and control
groups increases considerably from day O to day 21, p=0.03 and p=0.04, respectively. Notably,
no difference was observed in ALP, RUNX2 or Osteocalcin expression between both groups

after day 21.

After three weeks of adipogenic differentiation, cells displayed morphology consistent with
early adipogenic differentiation, and micro fat particles were visible using bright-field
microscopy, (Figure 4.8A). Next, qPCR (Figure 4.8B) for adipogenic gene expression analysis
(CEBPa and FABP4) was tested. In adipogenesis, gene expression of both CEBPa and FAB4
typically increases from a basal state at day 0 significantly by day 21 (341). CEBPa expression
in both rapid and control groups increased significantly from day 0 to day 21, p=0.002 and

p=0.0005, respectively. FABP4 expression in both rapid and control groups increased
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significantly from day 0 to day 21, p=0.0002 and p=0.03, respectively. Notably, no difference

was observed in both CEBPa and FABP4 expression after 21 days between both groups.
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Figure 4.7. Osteogenic assessment of hADSCs. (A) Bright-field images of cells in monolayer

from both control and rapid groups after 3 weeks of differentiation at 10X non-phase and 20X

phase contrasts. Cell clusters with early mineralisation are highlighted with yellow stars. (B)

103



Bar graphs represent fold changes relative to day O for osteogenic gene markers. Data are
presented as mean +/- SEM between three biological replicates from three different patients

(n=3), significant activity was calculated with unpaired t-test
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Figure 4.8. Adipogenic assessment of hADSCs. (A) Bright-field images of cells in monolayer
from both control and rapid groups after 3 weeks of differentiation at 10X non-phase and 20X
phase contrasts. Micro fat particles/lobules are highlighted with yellow stars. (B) Bar graphs
represent fold changes relative to day 0 for adipogenic gene markers. Data are presented as
mean +/- SEM between three biological replicates from three different patients (n=3),

significant activity was calculated with unpaired t-test.
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4.3 DISCUSSION

Cell types within the knee that have been reported to demonstrate chondrogenic potential
include adult chondrocytes, IFP-derived hADSCs and hAPCs (138, 143, 264). In this study in
comparison to adult chondrocytes and hAPCs, IFP-derived hADSCs are clearly demonstrated
to be superior in chondrogenic potential. The use of chondrocytes from osteoarthritic donor
knees may be a reason for failed chondrogenesis, although literature suggests there should
be no significant effect on chondrogenic capacity (342). Given these results and chondrocytes
displaying variable differentiation based on expansion time, multiple passaging (343) and the
use of 2D vs 3D culture (344), this cell type would not be a suitable option for the engineering
of cartilage tissue. These findings suggest that IFP-derived hADSCs are an ideal chondrogenic
cell source from within the knee joint itself and should be used in regenerative therapies
directed in relation to chondral knee defects. IFP-derived hADSCs can be harvested from the
same site as the subsequent treatment site, thereby minimising incisions sites and surgical

risk (345).

This chapter presents a rapid and efficient 85-minute method to isolate hADSCs from
harvested IFP tissue, reducing the standard isolation timeframe by greater than 16-fold (336).
To generate a rapid protocol, optimisation testing was first performed to identify areas within
the current isolation protocol, which could be sped up. From this testing, two areas that could
be sped up were identified: the chemical digestion phase could be reduced from 3 hours to
30 minutes, and the plastic adherence step could be reduced from 24 hours using non-coated
TCPS to 30 minutes using Matrigel-coated TCPS. Notably a higher cell toxicity was associated
with the lower collagenase assisted breakdown timeframes (<30 mins). During harvest there
is likely to be dead tissue present secondary to the cauterisation technique that is used to
remove IFP from the knee joint. Regardless of adequate cleaning and dilution, parts of dead
tissue are likely to remain at the beginning of chemical digestion. Overtime with collagenase
breakdown more of the healthy fat tissue is dissolved increasing the live cell count. Therefore,
this phenomenon is not a collagenase associated cytotoxic effect, rather it is an artificial

elevation from the beginning due to an initial pool of dead cells.

Then newly developed 85-minute rapid IFP-derived hADSCs isolation protocol yielded a cell

count, cell viability, adherence percentage and total hADSCs count comparable to the control
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group. Furthermore, flow cytometry results confirmed that the rapid protocol could be used
to isolate and expand a pure homogenous stem cell population that is comparable to the
control protocol. Cells initially isolated using the rapid protocol displayed an increase in the
GAG/DNA ratio and chondrogenic gene expression over three weeks, which was comparable
to cells initially isolated using the control protocol. Combining these investigations, we show
that our 85-minute rapid isolation protocol is comparable to the control isolation protocol
and the isolated hADSCs can undergo successful chondrogenesis with no impairment
associated by reducing the chemical breakdown time and the use of Matrigel-coated wells to
speed up adherence. The ability to rapidly derive an SVF population has been shown in the
literature and commercially (270-272); however, there has never been an added step

including a rapid selective adherence of ADSCs.

Furthermore, to prove the trilineage ability of hADSCs (346, 347), which is a type of
mesenchymal stem cell, adipogenic and osteogenic differentiation studies were performed.
The rapidly isolated hADSCs were able to undergo osteogenic and adipogenic differentiation
as expected with the IFP-derived hADSCs phenotype after 3 weeks of respective
differentiation (346-350). IFP-derived hADSCs have been shown to be comparable to bone
marrow and subcutaneous adipose derived MSCs with respect to both osteogenic and
adipogenic potential irrespective of the formula of differentiation used (351). Although proof
of this trilineage capacity is not relevant directly to cartilage tissue engineering where only
chondrogenic ability is required, this rapid isolation protocol can be extended to other fields
of musculoskeletal tissue regeneration given the multilineage potential of MSCs. The rapid
IFP-derived hADSCs protocol could; therefore, be extended to any field of medicine

investigating the regeneration of cartilage, bone, muscle, tendon or fat tissue.

A limitation of this rapid protocol is the use of Matrigel-coated TCPS wells for selective cellular
adherence, although commercially available for in vitro lab use (352) , this purified mouse
tumour derived protein mixture is not approved for clinical use in humans. Furthermore,
there are batch-batch variations associated with Matrigel, which presents concerns
surrounding consistency (353). Therefore, either a synthetically similar composition or an
autologous biological composition that can be consistently produced needs to be identified

before any progression to clinical translation. Further work on synthetic and biological TCPS
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coating options has been performed and is attached in appendix 5, elements of this work are

still in progress and serve as part of an impending international patent application.

4.4 CONCLUSION

IFP-derived hADSCs are a promising chondrogenic source of cells which can be sourced from
within the knee joint which is a commonly affected site for cartilage damage. This is the first
study demonstrating the ability to isolated hADSCs from adipose tissue in a rapid manner. By
isolating stem cells in 85 minutes, the isolation duration has not only been reduced by 16-fold
but also enables the commencement of cellular expansion to occur one day earlier. This rapid
IFP-derived hADSCs isolation procedure is efficient, allowing scientists to save valuable time
for in vitro regenerative study involving mesodermal tissue and serves as the first successful
step in achieving a quick turnaround biofabrication treatment approach for cartilage defects

using a pure stem cell population.
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CHAPTER 5: MINIMUM
CHONDROGENIC
REQUIREMENTS OF IFP-
DERIVED HADSCs PRIORTO
REIMPLANTATION
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5.1 INTRODUCTION

With a view of clinical translation, culture expansion of stem cells should be limited, thereby
improving not only the efficiency and waiting time for subsequent repair but also reducing
the duration of exposure to a laboratory environment and animal-based products. Risks such
as sterility, contamination and inflammation are increased with longer durations of in vitro
culture and the use of animal-based products (265, 282). Thus, we first evaluate the
chondrogenic ability of culture-expanded hADSCs (rapidly isolated using the previously
developed 85-minute protocol) and hypothesise that they can be driven into successful

chondrogenesis prior to initial passaging (i.e. 0-7 days of expansion).

Few in vitro and in vivo studies report the cell concentrations used, and ultimately the use of
higher concentrations are not reported to be superior to lower concentrations; therefore, no
minimum let alone optimal cell concentrations range has been identified (290). To further
improve the efficiency of therapy we aimed to identify the minimum hADSCs concentration
required to generate adequate neocartilage, which is hypothesised to be less than the

average chondrocyte concentration in healthy human knee cartilage (10 million cells/mL).

The defect or repair volume is crucial in cell-based therapies, as adequate cell numbers need
to be delivered for regeneration/repair to occur, such volumes need to be symptomatically
and functionally relevant. Hence, the final hypothesis was that by linking the data from the
first two aims of this chapter, the volume and indication range applicable to our repair

approach could cover a clinically relevant spectrum of defect sizes.

5.2 RESULTS

THE EARLIEST POINT WHEN IFP-DERIVED HADSCs CELLS BECOME CHONDROGENEIC
Rapidly isolated hADSCs were immediately pushed (0 days of expansion) into pellet culture
or expanded for 3,5 and 7 days and then subject to pellet culture. For each group tested, the
hADSCs count, doubling time and pellet formation ability was assessed, Table 5.1. Next,

successfully formed pellets were subjected to 3 weeks of chondrogenesis and evaluated.

5.2.1 THE EARLIEST POINT DURING EXPANSION WHEN CELLS FORM 3D PELLETS
Immediately isolated cells and those used after 3 days of expansion were unable to form

pellets and therefore screened out. Cells used after 5 and 7 days of expansion were able to
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form 3D pellets successfully, and an average of 1.9 x 10° and 2.8 x 10 hADSCs were obtained

after respective expansion timeframes (Table 5.1 and Figure 5.1A). The average doubling time

(Passage 0-1) over 7 days was calculated to be 4.41 days, (Figure 5.1B),

Groups tested Total Average no. | Average doubling | Pellet formation
samples hADSCs time (days)
Post isolation (day 0) n=3 7.17.X10° - Unsuccessful
Expanded - 3 days n=3 1.57. X 108 3.18 Unsuccessful
Expanded - 5 days n=3 1.90 X 10° 6.56 Successful
Expanded -7 days n=3 2.80 X10° 3.79 Successful

Table 5.1. Details of cell population groups tested, including sample size, number of cells,

doubling time and ability to form 3D pellets. Data are presented as the mean of three cell lines

(n=3). hADSCs- Human Adipose-Derived Mesenchymal Stem Cells.
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Figure 5.1. The growth kinetics of IFP-derived hADSCs during expansion prior to passaging.

A) Bar graph showing the cell count over 7 days of culture expansion. B) Dot graph showing

the doubling time of IFP-derived hADSCs prior to passaging. Data are presented for three

separate lines (n=3). Human adipose-derived mesenchymal stem cells (hADSCs).

5.2.2 CHONDROGENIC ASSESSMENT OF 5 AND 7 DAY EXPANDED CELLS

Successfully formed pellets were subject to 3 weeks of chondrogenic differentiation and then

assessed using histological staining and immunofluorescence imaging (Figure 5.2) Pellets

from both 5 and 7-day expansion time points grew significantly in size over 3 weeks suggestive

of an increase in ECM production, after 3 weeks the 5-day expansion group pellets were

slightly smaller than the 7-day group. Safranin 0 staining was evident in pellets from both
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groups after 3 weeks of chondrogenic stimulation, but not in the time 0 samples, confirming
chondrogenic ECM production, (Figure 5.2A). Furthermore, collagen 2 staining (cyan) is well
distributed and suggestive of chondrogenic formation in pellets originating from both the 5-
and 7-day expansion populations over 3 weeks irrespective of pellet size (Figure 5.2D).
Merged Dapi-Actin-Col Il staining (Figure 5.2E) shows that Col Il is both intracellularly and
extracellularly deposited, indicative of mature neocartilage formation. DAPI (white) and Actin
(red) staining represent the nuclei and cytoskeleton, respectively, (Figure 5.2B-C).

5 day expansion 5 day expansion 7 day expansion 7 day expansion
group - TO group - T21 group - TO group - T21

300 um
Figure 5.2. Chondrogenic assessment of 5- and 7-day expanded cell populations in pellet

culture over 3 weeks using Safranin 0 and Immunostaining. A) Haematoxylin, Fast green and
Safranin 0 staining, B) DAPI (white) — Cell nucleus, C) Actin (red) — cytoskeleton, D) Col Il (cyan)
— Collagen 2 and E) Merged DAPI, Actin and Col II.
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THE MINIMUM HADSCs CONCENTRATION REQUIRED TO PRODUCE NEOCARTILAGE
FORMATION IN A HYDROGEL

In the next objective, Gelatin-Methacryloyl/Hyaluronic acid (GelMA/HA) hydrogels were
laden with three different hADSCs concentrations: 1.25, 2.5 and 5.0 million cells/mL to form
3 bioscaffolds compositions. To mimic a standardised 200 pL (200 mm3=1 cm? TSA by 1 mm
depth) modelled defect, bioscaffolds were cast into PDMS moulds (see methods for details).
These bioscaffolds were subjected to in vitro chondrogenic differentiation for 3 weeks and

evaluated using immunofluorescence imaging, GAG/DNA content and gene expression.

5.2.3 IMMUNOFLOURESCENCE IMAGING AND COLLAGEN 2 STAINING INTENSITY

To identify if areas of neocartilage formation were present, bioscaffolds were fixed, cut,
stained and visualised using confocal microscopy to assess immunofluorescence of collagen |
and Il. Nuclear and Actin labelling were used to visualise cell distribution and morphology

inside the bioscaffolds. Subsequently collagen type 2 staining intensity was quantified.

Confocal imaging of 10 um sections cut along the z dimension was performed (Figure 5.3).
The 1.25 million hADSCs/mL bioscaffolds were flatter, brittle and easily fell apart while
constructs from the higher two concentrations maintained their shape and were rigid. Actin
staining (red) shows appreciable cytoskeletal expression in all three groups, while Col | (cyan)

expression shows basal collagen type | in all three concentrations groups.

Minimal Col Il (cyan) is evident in the 1.25 million hADSCs/mL group, while appreciable Col Il
accumulation is visualised in both 2.5 and 5.0 million hADSCs/mL groups, (Figure 5.3). As
expected, cell count represented by DAPI staining (white) increases proportionally with the
hADSCs concentration, (Figure 5.3 and 5.4A). On closer observation (Figure 5.4B) it is evident
that Collagen Il expression is mostly intracellular in the 2.5 million hADSCs/mL group, while
there is visibly more extracellular protein expression in the 5.0 million hADSCs/mL group,
indicating a more advanced stage of chondrogenesis where the ECM is now being formed.
Finally, collagen 2 staining intensity quantification (Figure 5.5) demonstrates a significantly
higher amount of Col 2 in both the 2.5 million and 5.0 million groups compared to the 1.25

million hADSCs/mL group.
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1000 pm

Figure 5.3. Confocal microscopy images of whole scaffold sections for the three different cell
concentrations. Cross-sections of the A) 1.25 million hADSCs/mL, B) 2.5 million hADSCs/mL
and C) 5.0 million hADSCs/mL concentration groups after 3 weeks. DAPI — Cell nucleus, Actin

— cytoskeleton, Col | — Collagen 1 and Col Il — Collagen 2.

A B

1.25 mi/mL

2.5 mi/mL

S mi/mL

[:]II

1000 pm 100 pm

Figure 5.4. Neocartilage assessment of bioscaffolds generated using three different cell
concentrations. Whole and 10X magnified sections. A) DAPI staining of whole transverse
bioscaffold sections. Sections 1 and 11 are then further focused in section B) 10 X
magnification with merged DAPI + Actin and DAPI + Col 11 images displayed. DAPI — Cell

nucleus, Actin — cytoskeleton, and Col Il — Collagen 2.
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Figure 5.5. Collagen 2 (Col 2) staining intensity of bioscaffolds. A) 16 evenly spaced Regions
of interest (ROI) used in col 2 staining intensity (cyan) evaluation in the 1.25 million, 2.5 million
and 5.0 million hADSCs/mL concentration groups, B) Bar graph summarising col 2 staining
intensity results of the three groups, presented as expression relative to the 1.25 million
hADSCs/mL group. Data are presented as mean +/- standard error margin (SEM) between
three biological replicates using cells from two different patients (n=2), significant activity was

calculated with unpaired t-test.
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5.2.4 GAG/DNA QUANTIFICATION AND GENE EXPRESSION (QPCR)
Bioscaffolds were analysed using GAG/DNA quantification (Figure 5.6A) and qPCR (Figure
5.6B) for chondrogenic gene analysis (COL2A1, COL1A2, SOX-9 and ACAN). Data is presented

as a relative fold change compared to the 1.25 million hADSCs/mL group after 21 days.

The GAG/DNA ratio relative to the 1.25 million hADSCs/mL group at day 21 shows a 0.45- and
1.80-fold increase at day 21 in the 2.5 and 5.0 million hADSCs/mL groups respectively, with
statistical difference seen between the 1.25 and 5.0 million hADSCs/mL groups, p=0.037.

Collagen 2A1 expression relative to the 1.25 million hADSCs/mL group at day 21 shows a 3.01-
and 11.55-fold increase at day 21 in the 2.5 and 5.0 million hADSCs/mL groups respectively,
with statistical difference seen between the 1.25 and 5.0 million hADSCs/mL groups, p=0.007,
and between the 2.5 and 5.0 million hADSCs/mL groups, p=0.04. Collagen 1A2 expression
relative to the 1.25 million hADSCs/mL group at day 21 shows a 0.02-fold decrease in the 2.5
million hADSCs/mL group and a 0.13-fold increase in the 5.0 million hADSCs/mL group, with
no statistical difference seen between all groups. Sox — 9 expression relative to the 1.25
million hADSCs/mL group at day 21 shows a 0.32-fold decrease in the 2.5 million hADSCs/mL
group and a 0.66-fold increase in the 5.0 million hADSCs/mL group, with no statistical
difference seen between all groups. Aggrecan expression relative to the 1.25 million
hADSCs/mL group at day 21 shows a 0.41- and 3.23-fold increase at day 21 in the 2.5 and 5.0
million hADSCs/mL groups respectively, with statistical difference seen between the 1.25 and
5.0 million hADSCs/mL groups, p=0.003, and between the 2.5 and 5.0 million hADSCs/mL

groups, p=0.006.

The 5.0 million hADSCs/mL group produced a higher GAG/DNA ratio and significantly higher
Collagen 2A1 (primary chondrogenic marker) expression, which is the principal constituent of
chondrogenic ECM. This data supports the earlier findings showing extracellular Collagen 2
expression only in the 5.0 million hADSCs/mL concentration group (Figure 5.5B). In
combination, these results suggest that the 5.0 million hADSCs/mL concentration is the

minimum required to produce advanced neocartilage formation.
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Figure 5.6. Chondrogenic assessment of GelMA/HA bioscaffolds generated using three

different cell concentrations. A) Bar graph summarising the GAG/DNA ratio quantification

after 21 days of chondrogenic stimulation, B) Bar graphs represent the quantification of

chondrogenic gene marker expression. Data are presented relative to the 1.25 million

hADSCs/mL concentration group. Represented as the mean +/- standard error margin (SEM)

between three biological replicates from two different patients (n=2), significant activity was

calculated with unpaired t-test. GAG/DNA - Glycosaminoglycan/Deoxyribonucleic acid.

Collagen type 2 (COL2A1), Collagen type 1 (COL1A2), Aggrecan (ACAN) and Sox-9 (SOX9).
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THE MAXIMUM DEFECT VOLUME REPAIRABLE USING A RAPIDLY ISOLATED HADSCS
POPULATION WHICH IS EXPANDED FOR 5 DAYS

To identify the maximum defect volume repairable, the number of hADSCs obtainable after
rapid isolation (85 minutes) and 5-days of expansion was correlated to the minimum
chondrogenic hADSCs concentration, (Equation described in methods). This volume forms the

upper limit for the defect volume range indicated for treatment.

From objective 1 the number of IFP-derived hADSCs obtainable after rapid isolation (85

minutes) and 5 days of subsequent expansion on average is: 1.90 X 106 hADSCs

From objective 2 the minimum identified hADSCs concentration required to produce

neocartilage in a GeIMA/HA laden bioscaffold is = 5.0 X 10 hADSCs/mL

As exhibited in Table 5.2, an extensive range of defect volumes can be treated using 1 or 2
IFPs (humans have 2, one in each knee). Furthermore, these defect sizes comfortably match
the total surface area (TSA) of lesions indicated for microfracture repair, irrespective of the

depth of cartilage (human knee cartilage 2-4mm)(61).

Using expanded hADSCs for
5 days -> From 1 IFP

Using expanded hADSCs for 5
days -> From 2 IFPs

Maximum defect

repairable (Volume)

380 pL (mm3)

760 pL (mm3)

Range of defect

repairable (Volume)

<380 pL (mm?)

<760 pL (mm?3)

Examples of correlating
dimensions (*average
human knee cartilage

depth is 2-4mm)

3.80 cm?TSA x Imm depth
1.90 cm? TSA x 2mm depth
1.27 cm?TSA x 3mm depth
0.95 cm? TSA x 4mm depth

7.60 cm? TSA by 1mm depth
3.80 cm?TSA x 2mm depth
2.53 cm?TSA x 3mm depth
1.90 cm? TSA x 4mm depth

Table 5.2. Defect volumes repairable using rapidly isolated hADSCs expanded for 5 days with

the minimum required neocartilage forming concentration. IFP- Infrapatellar Fat Pad, hADSCs-

human Adipose-Derived Mesenchymal Stem Cells, uL - Microlitres.
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5.3 DISCUSSION

To create a quick turnaround biofabrication procedure, the minimum chondrogenic
requirements of using expanded stem cells need to be identified, so that they can be

reimplanted at the earliest possible timeframe.

To achieve this, the first investigation was to identify the earliest point during expansion in
which hADSCs can successfully be induced into chondrogenesis. At time points 0 and after 3
days of expansion, cells were unable to be pushed into pellet culture suggesting they are
unlikely to have matured into a more active stem cell phenotype which can be differentiated.
Furthermore, chondrogenic differentiation can only be performed in 3D pellet culture, as a
2D culture of stem cells is traditionally weak. After 5- and 7-day expansion, timeframes cells
were successfully able to be pelleted. This is the first study to demonstrate early cell growth
kinetics (within 7 days, Passage 0-1, P0O-1), with an average doubling time of 4.41 days
reported and there was high variability seen which is likely due to the inability to perfectly
control the starting number of cells. Growth kinetics are routinely calculated from Passage 1
onwards, and the average doubling rate of IFP-derived hADSCs has been demonstrated to be
roughly 5-6 days at P1-2 which increases relative to the number of passages (333). Therefore,
it is demonstrated that cell doubling time is rapid early in passaging even before the routine

first assessment performed at P1-2.

Furthermore, these populations were both able to successfully undergo chondrogenesis over
a 3-week timeframe. Therefore, the earliest turnaround time during expansion in which
hADSCs can be pushed into chondrogenesis (used as therapy) is after 5 days, meaning the
overall biofabrication treatment approach can be performed comfortably within < 1 week

(85-minute harvest and isolation then 5 days of cellular expansion).

Another important consideration is the use of spare cells or pellets for biobanking procedures
(354). For example, using 2 IFPs, on average between 1.43-1.72 x 1076 cells can be collected
based on results from chapters 4 and 5, this equates to roughly 6 pellets (each pellet 2.5x
1075 cells). Looking ahead, the unused cells/pellets in the initial therapy could be stored and
expanded using microspheres for bio banking (355, 356) which is an emerging field that can

be used as a backup for failed initial therapy or as a storage for future therapy.
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Given that the third step in the biofabrication process (Cellular reimplantation) can be
performed using in situ bioprinting technology, effectively there is no addition to the overall
turnaround duration as a result of this final phase. Therefore, with a known timeframe for the
first two steps of the biofabrication process, treatment strategies can now be planned around

a given turnaround timeframe.

The next objective in this body of work was to identify the minimum effective hADSCs
concentration required to produce neocartilage in a GelMA-based biofabrication procedure.
By identifying this concentration and correlating it to the number of cells isolatable over 5
days of expansion, the repairable defect volume can be calculated. After 3 weeks of
chondrogenic stimulation, the 5.0 million hADSCs/mL concentration group demonstrated the
most optimal GAG/DNA ratio, chondrogenic gene expression and hyaline-like ECM production
visualised with immunostaining. Therefore, the 5.0 million hADSCs/mL concentration
represents the minimum cell concentration required to trigger the chondrogenic pathway and
produce advanced chondrogenesis in GelMA/HA-based bioscaffolds. A key limitation in this
study is the inability to compare to higher concentrations, such as 10.0 million cells/mL which
is commonly used (177). However, the key objective was to identify the minimum
concentration required for chondrogenesis, a 10.0 million cells/mL concentration has already
been validated; therefore, 5.0 million cells/mL was selected as the upper limit, it will be of
further value to now test concentrations between 5.0 and 10.0 million. Another limitation to
this part of the study is that we confined our experiments to GelMA/HA hydrogel, which may
not be translatable to other hydrogel scaffold compositions which should have own cellular-

interaction profiles examined separately.

Finally, using the data from the results obtained in the first two objectives, the maximal
repairable volume using a 5-day expanded hADSCs population is calculated to be 380 pL
(mm?3) using one IFP or 760 pL (mm3) using both IFPs (two IFPs one in each knee). Based on
these volumes, all lesion surface areas typically indicated for microfracture repair and most
osteochondral defects (average 550 pl) (252, 357, 358) can be treated using the proposed
biofabrication procedure. This calculation presented here opens up the possibility of
personalised repair, which can be individually tailored to a patient based on their defect size.

An obvious limitation in this step will be with identifying the exact dimensions of such defects
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in advance. This can be assessed using preoperative magnetic resonance imaging or
arthroscopic examination. Another limitation is that the cellular yield data collected is from
patients in an elderly age group undergoing arthroplasty. To accurately represent the ideal
treatment population, it would be beneficial to assess the IFP-derived hADSCs yield in patients

below the age of 50.

5.4 CONCLUSION

In conclusion, this study demonstrated that a 1-week turnaround GelMA/HA-based
biofabrication approach can be performed using rapidly isolated hADSCs (85 minutes), which
are expanded for 5 days. Furthermore, this approach can comfortably treat defect sizes
indicated for the current clinical standard repair option (microfracture). This paves the way
for an in vivo animal model of cartilage defect repair using an optimised biofabrication

procedure.
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CHAPTER 6: ESTABLISHING A
BIOFABRICATION
PROCEDURE FORIN VIVO
CHONDRAL REPAIR

121



6.1 INTRODUCTION

To biofabricate tissue in situ, several components of our regenerative delivery method
warrant optimisation and design; to enable a user-friendly, safe, sterile and efficient

procedure that is compatible with the surgical environment.

The model selected for the next section of work (in vivo proof of concept) is a small animal
(rabbit); hence, to fit within this model, a commercially sourced rabbit MSCs line was

validated with a 3-week chondrogenic screening study.

GelMA, is a gelatin-based hydrogel which has excellent biocompatibility and a reliable
biodegradability profile (168-170), it has been successfully used in in vivo models and
delivered using an in-situ  approach  (247). The  supplementation of
methacrylate/methacrylamide (MA) groups to gelatin permits light-assisted cross-linking of
the material, which helps boost the mechanical stability of the implant and aid in mimicking
the natural ECM of cartilage (171, 172). The stiffness and strength of the GelMa hydrogel can
be tuned, by increasing the percentage of gelatine. Fabricated tissue constructs behave
differently with different material stiffnesses(172); therefore, next it was essential to validate

the difference in mechanical strength using an acellular soft 6% and hard 10% GelMA scaffold.

Unlike in vitro, with in vivo study only the top of the bioscaffolds construct can be exposed to
crosslinking and consequently Hyaluronic acid (HA) wasn’t added to GelMA in the bioink
formulation of this chapter. The addition of HA increases the material opacity (319);
therefore, when only one side of the construct can be crosslinked, removing HA can maximise

full penetrance of light as described in methods 3.6.1.

If the gelatine is too gelated during in situ delivery, it becomes difficult to extrude, whereas if
too liquified, it rapidly disperses and collapses (299, 300). The control of gelation; therefore,
becomes pivotal when using thermoreversible hydrogels for cartilage repair (301). Gelation
is expected to occur quicker with higher concentrations of gelatine (305); therefore, we
hypothesised that harder (10% GelMA) should gelate quicker than the softer (6% GelMA)

hydrogel.

Light assisted cross-linking of GelMA is associated with a high cell viability, which is reported
as >85-90% (175, 307). Compared to the in vitro work (chapter 5), in this chapter a transition
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to visible light (405nM) was undertaken based on emergent findings in the literature
reporting better biocompatibility and penetrance for GelMa hydrogels using visible light
compared to UV light (159, 326). Surgical application is simple using a hand-held system, and
the amount of visible light contact with healthy tissue can be limited. The distance required
for adequate coverage of the generated rabbit defect (details in chapter 2) without infringing
on healthy tissue is 1cm. Thus, the next step was to design, and 3D print a sterilisable 1 cm

fixed distance cover that could be attached to the end of a light source enabling surgical use.

6.2 RESULTS

6.2.1 CHONDROGENIC VALIDATION OF A COMMERCIAL RABBIT MSCs LINE

A commercial MSCs line derived from the same species and gender of the rabbit that is to be
used in the in vivo model (chapter 5) was sourced. The chondrogenic capacity of this cell line
was then validated using a 3-week differentiation study by quantifying the GAG/DNA ratio
(Figure 6.1). During the 3-week chondrogenic stimulation period, the GAG/DNA ratio
increased significantly from 9.9 +/-1.1 to 15.1 +/-0.8, p=0.003. This increase in cartilage-
specific glycosaminoglycan content over 3 weeks of stimulation indicates successful

chondrogenic differentiation.

GAG/DNA ratio of cyagen
rabbit MSCs over 3 weeks
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Figure 6.1. GAG/DNA ratio over 3-weeks of chondrogenic stimulation using a commercial
(cyagen) rabbit MSCs line. ug — micrograms. GAG/DNA - Glycosaminoglycan/Deoxyribonucleic
acid. Data are presented as mean +/- standard error margin (SEM) between three biological

replicates of the same rabbit cell line, significant activity was calculated with unpaired t-test.
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6.2.2 MECHANICAL ASSESSMENT OF A SOFT AND HARD GELATIN-BASED HYDROGEL

Next, two different compositions of GelMA (Gelatin-Methacryloyl), a soft and hard form (6%
and 10% GelMA) were assessed using mechanical testing to confirm the difference in
compressive strength, (Figure 6.2). Acellular scaffolds using these two hydrogel compositions
were generated and cross-linked using visible light. The compressive strengths of these

constructs were evaluated the next day as described in the methods.

The compressive moduli of the 6% and 10% GelMA hydrogel compositions were 23.2 +/-3.9
and 95.1 +/- 8.1 kPA (kilopascals) respectively, representing a 4.1 - fold difference. These
results confirm that higher concentrations of gelatine within a GelMA-based hydrogel are

associated with a higher compressive strength of printed scaffolds.

Compressive strength of soft and hard
GelMA compositions
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Figure 6.2. Compression testing of acellular GelMA scaffolds the day after printing. kPA —
kilopascal and GelMA - Gelatin-Methacryloyl. Data are presented as mean +/- standard error
margin (SEM) between three scaffold replicates, significant activity was calculated with

unpaired t-test.

6.2.3 ASSESSMENT OF THE GELATION TIME OF CHOSEN HYDROGELS

The third step was to identify the appropriate gelation time of the two hydrogel compositions
(6% GelMA and 10% GelMA) that is required prior to becoming printable. A filament
formation test was performed to evaluate different time points of gelation associated with
the use of the two different compositions and the use of two different temperatures (23°C

and 4°C). Morphological observation of the hydrogels when gelation was performed at 23°C
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showed that at least 15 minutes was required for the 6% GelMA group to gelate (positive test
result) and become printable; whereas at least 10 minutes was needed for the GelMA 10%
composition to become printable, Table 6.1. Morphological observation of the hydrogels
when gelation was performed at 4°C showed that at least 6 minutes was required for the 6%
GelMA group to gelate (positive test result) and become printable; whereas at least 1 minute

was needed for the GeIMA 10% composition to become printable, Table 6.2.

These results confirm that higher concentrations of gelatine in a GelMA hydrogel are
associated with quicker gelation times. Furthermore, when gelated at a cooler temperature
of at 4°C, the gelation of the GelMA occurred faster. Taking into consideration the effect of
the heat that would emanate from the wound, it was decided that 9 minutes of gelation at
4°C would be used for the GelMA 6% group, and 3 minutes of gelation at 4°C would be used
for the GelMA 10% group.

Bioink composition Extrusion Flow Minutes at room Morphological
(kept constant) | temperature (23°C) observation
0 drop
1 drop
3 drop
GelMA 6% 240 pL/minute 5 drop
10 drop
15 string
0 drop
1 drop
3 drop
GelMA 10% 240 pL/minute 5 drop
10 string
15 string
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Table 6.1. Assessment of the gelation time required for hydrogel printability (Filament

formation test) using the room temperature of 23°C. GelMA - Gelatin-Methacryloyl.

Bioink composition Extrusion Flow Minutes in a cooled Morphological
(kept constant) temperature (4°C) observation
0 drop
1 drop
GelMA 6% 240 pL/minute 3 drop
6
9
0 drop
1
GelMA 10% 240 pL/minute 3
6 hypergelated
9 Non-extrudable

Table 6.2. Assessment of the gelation time required for hydrogel printability (filament

formation test) using a cooled temperature of 4°C. GelMA - Gelatin-Methacryloyl.

6.2.4 DESIGN OF A SAFE INTRAOPERATIVE CROSSLINKING METHOD

Finally, a visible light source (405 nm) for cross-linking was established and set-up to fit within
a surgical setting. To cover the whole defect and not affect any healthy native tissue, a 1 cm
distance interval is required from the tip of the light source. Given that a hand-held cross-
linking device (LEDsaber, Biolambda, Sao Paulo, Brazil), is most suitable for an intraoperative
approach, a sterilisable attachment probe cover was designed to fix this distance and provide

consistent cross-linking to all the repair defects, shown in Figure 6.3.

126



1cm

Figure 6.3. Light source adapter set-up at a fixed distance of 1cm. A-B) Handheld light source
(LEDsaber, Biolambda, Sao Paulo, Brazil), C) Design of fixed distance probe attachment, D)
Intraoperative use of the light source and probe cover system, the yellow dotted circle shows

the light (blue) hitting only the defect, and the three prongs gently stabilising the device.

FINAL SET-UP OF THE IN VIVO BIOFABRICATION REPAIR PROCEDURE

Before performing an in vivo rabbit model of cartilage repair several components of the
biofabrication procedure required selection and validation. A summary of all these design
selections and validations performed in this chapter of work are shown highlighted in green

in Figure 6.4.
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Figure 6.4. Summary of final biofabrication procedure. Highlighted in green are the
components which have been selected and validated for use in this in situ applicable surgical
procedure. LAP - Lithium phenyl-2,4,6-trimethylbenzoylphosphinate and GelMA - Gelatin-
Methacryloyl.

6.3 DISCUSSION

As part of the biofabrication set-up and design, several aspects of the procedure were first
selected and validated in this chapter. First, the cell source selected (commercial rabbit
BMSCs) was verified and confirmed to show in vitro chondrogenic differentiation capacity. A
limitation to this aspect of the design is in the inability to use rabbit MSCs isolated from the
Infrapatellar Fat Pad (IFP), in chapters 4 and 5 of this thesis testing was performed using
human IFP-derived MSCs (hADSCs). The rabbit (largest small animal model) was chosen to suit
the feasibility of this proof of concept project, in which the native IFP and MSCs yield is too

low and variable.
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Next, two different compositions of a GelMA hydrogel (soft and hard) were tested to evaluate
their respective baseline compressive strength. Then the individual gelation time required
before printing for each composition was identified. As expected, the lower concentration
(6% GelMA) had less compressive strength compared to the higher concentration (10%

GelMA) group with a >4-fold difference.

Using the filament formation test, it was determined that gelation times were quicker for
both 6% and 10% GelMA hydrogel concentrations when cooled at 4°C compared to 23°C.
Overcooling of bioinks is associated with cytotoxicity when temperatures < 0°C are used;
therefore, at 4°C, minimal effects on cytocompatibility is expected (211). Therefore, for the
6% and 10% GelMA-based hydrogels, gelation times of 9 and 3 minutes (cooled prior at 4°C)
respectively were chosen and subsequently utilised during the in vivo rabbit model of

cartilage repair (Chapter 7).

A limitation to this aspect of work is that testing was only performed on two different GelMA
compositions. The purpose of this study was to choose two different composition extremes
that could subsequently be used to evaluate the effect of in vivo cellular repair. Thus, the aim
was not to conduct a broad investigation on the strength of varying GelMA concentrations,
but rather to assess the difference between soft and hard GelMA-based bioinks on cartilage

repair.

Finally, a 1 cm fixed distance light-assisted cross-linking system was designed using an easily
operatable hand-held device and a sterilisable attachment cover. This distance ensured that
only the defect area of interest was exposed to visible light and cross-linked, and no healthy

tissue was affected in the process.

6.4 CONCLUSION

In this chapter of work, a biofabrication treatment approach to cartilage repair in a rabbit
model was designed. This novel approach is safe, user friendly, and has been devised to suit
the intraoperative environment. The design processes and framework embodied in this
chapter should serve as a guideline for future proposals of biofabrication therapy in larger

animal models and human clinical trials.
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CHAPTER 7: CARTILAGE
BIOFABRICATION USING THE
MINIMUM CHONDROGENIC
HADSCs CONCENTRATION - A

PILOT /N VIVO RABBIT MODEL
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7.1 INTRODUCTION

Biofabrication approaches can be used in vitro to investigate select aspects of regenerative
medicine, such as the biocompatibility of scaffolds and the effects of specific conditions on
cell proliferation and differentiation (250). However, an animal model is ultimately warranted
to study the complex process of in vivo cartilage tissue formation and maturation;

furthermore, this bridges the gap between in vitro and clinical study in humans (250).

Given the fiscal feasibility, practicality and proof of concept nature of this study, the small
animal is more suitable to the cost budgets and project timeframes of this thesis. Based on
current literature, to assess critical size defects (314, 315) in this model a 4 mm diameter
circular defect with a depth of 0.3 mm was chosen, which creates a volume of approximately
4 pL (mm?3). The four treatment groups selected were empty defect (Negative control),
microfracture (Positive control), biofabrication treatment group 1 (5.0 million MSCs /mL of
6% GelMA) and biofabrication treatment group 2 (5.0 million MSCs /mL of 6% GelMA).
Timepoints were selected based on when early and mature cartilage formation is detectable,

which is at around 3-4 and 6-8 weeks, respectively post-repair (308).

This section serves as a pilot study assessing a novel biofabrication therapy for pure chondral
repair in vivo. This new approach utilises the minimum chondrogenic stem cell concentration
(chapter 5) with a soft or hard hydrogel (6% or 10% a Gelatin-Methacryloyl) and an innovative
intraoperative method (chapter 6). The outcomes of which are hypothesised to be

comparable if not better than those in the clinical standard (microfracture repair) group.

7.2 RESULTS

CARTILAGE REPAIR USING A NOVEL BIOFABRICATION PROCEDURE IN VIVO

7.2.1 POSTOPERATIVE OUTCOMES

All rabbits survived the 4- and 8-week time points. One rabbit required reclosure of the
proximal capsule and skin for wound dehiscence postoperatively at day 3, after 7 days of
monitoring the wound healed with no further complications. One rabbit developed bilateral
swelling over the knee joint after 5 days, sterile examination with needle aspiration revealed
serous fluid consistent with a postoperative seroma. After needle aspiration and drainage, no

further recollection or complications were observed.
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7.2.2 MACROSCOPIC ASSESSMENT

To macroscopically evaluate cartilage repair, harvested condyles were visually inspected
(Figure 7.1A) and then scored based on the international cartilage repair society (ICRS)
morphological evaluation system (Figure 7.1B-C), as described in the methods section. Post
femoral harvest, one rabbit femur from the 8-week group showed signs of inflammatory
change over the proximal trochlea notch region; however, the remaining femur, condyles and

treatment regions were unaffected.

4 WEEK GROUP

After 4 weeks, the defect border could still be visualised on close inspection of the empty
treatment group with hypertrophic tissue. The fracture holes were still evident within the
defects formed as part of microfracture treatment. Defect areas in both the biofabrication
treatment groups were harder to discriminate from nearby healthy cartilage and were less

demarcated compared to the other treatment groups.

Repair in the empty group on average was scored 6.0 +/- 0.7 (n=6) which are consistent with
a grade Il ICRS macroscopic score which indicates abnormal tissue repair. Repair in the
microfracture treatment group on average scored 6.6 +/- 0.9 (n=6) which is consistent with a

grade Il ICRS macroscopic score which indicates abnormal tissue repair.

Repair in the biofabrication treatment group 1 (5 million MSCs/mL of 6% GelMA) on average
scored 8.8 +/- 0.5 (n=6) which was consistent with a grade Il ICRS macroscopic score which
indicates nearly normal tissue repair. Repair in the biofabrication treatment group, 2 (5
million MSCs/mL of 10% GelMA) on average, scored 6.6 +/- 0.5 (n=6) which was consistent
with a grade llI-lll ICRS macroscopic score which indicates between abnormal and nearly

normal tissue repair.

When comparing all the treatment group scores at 4 weeks, the biofabrication treatment
group 1 score was significantly higher than all the other groups. When laterality was assessed
(Figure 7.1C), irrespective of the treatment type, repair of the lateral condyle scored on
average 7.0 +/- 0.4 and the medial condyle scored on average 8.0 +/-0.4 after 4-weeks, no

significant change was observed between groups.
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8 WEEK GROUP

After 8 weeks, the defect border could still be visualised on close inspection of the empty
treatment group with hypertrophic tissue still visible similar to the 4-week group. The fracture
holes were still evident within the defects formed as part of microfracture treatment, similar
to the 4-week observations. In both the biofabrication treatment groups defect areas were
harder to discriminate when compared to surrounding healthy cartilage and looked more

integrated and less demarcated compared to the empty and microfracture groups.

Repair in the empty group on average was scored 6.0 +/- 0.5 (n = 6), this score is consistent
with a grade Il ICRS macroscopic score which indicates abnormal tissue repair. No significant
change was observed between the 4- and 8-weeks scores of the empty group. Repair in the
microfracture treatment group on average scored 6.46 +/- 0.47 (n = 6), this score is consistent
with a grade Il ICRS macroscopic score which indicates abnormal tissue repair. No significant

change was observed between the 4- and 8-weeks scores of the microfracture group.

Repair in the biofabrication treatment group 1 (5 million MSCs/mL of 6% GelMA) on average
scored 8.8 +/- 0.5 (n=6), this score was consistent with a grade Il ICRS macroscopic score which
indicates nearly normal tissue repair. No significant change was observed between the 4- and
8-weeks scores of the biofabrication treatment group 1. Repair in the biofabrication
treatment group 2 (5 million MSCs/mL of 10% GelMA) on average scored 7.6 +/- 0.4 (n = 6),
this score is consistent with a grade II-Ill ICRS macroscopic score which indicates between
abnormal and nearly normal tissue repair. No significant change was observed between the

4- and 8-weeks scores of the biofabrication treatment group 2.

The biofabrication treatment group 1 and 2 scores were significantly higher than both the
empty and microfracture groups after 8 weeks. When laterality was assessed (Figure 7.1C),
irrespective of the treatment type, repair of the lateral condyle scored on average 6.5 +/- 0.4
and the medial condyle scored on average 7.2 +/- 0.4 after 8-weeks., no significant change
was observed over this interval. Furthermore, no significant difference was observed

between the 4- and 8-weeks scores of treatments in both medial and lateral condyles.

133



Microfracture 5 milion MSCs/mL 5 million MSCs/mL

A 6% GelMA 10% GelMA
4 weeks
8 weeks
B
@ 124 - x
S il « mm Empty (-ve control)
w —_ — mm Microfracture (+ve control)
2 9 - mm 5 million cells/ml 6% Gelma
] mm 5 million cells/ml 10% Gelma
3 6
G
©
= 34
(%)
x
S o
4 weeks 8 weeks
C Macroscopic assessment based on laterality of condyle
© 124
S Lateral Condyle (LC)
3 94 mm Medial Condyle (MC)
a
8 - -
S 64
G
©
= 34
%)
14
© o
4 weeks 8 weeks

Figure 7.1. Cartilage morphology and macroscopic scoring. A) Representative Defects after 4
and 8 weeks of treatment, area of repair highlighted as a dotted white circle, B) Macroscopic
scoring of cartilage repair (n=6) and C) Macroscopic scoring of cartilage based on the laterality
of the condyle, (n=12). GelMA - Gelatin-Methacryloyl and MSCs -Mesenchymal stem cells.
Data are presented as mean +/- standard error margin (SEM); significant activity was

calculated with unpaired t-test.
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7.2.3 BIOMECHANICAL ASSESSMENT — ATOMIC FORCE MICROSCOPY

The biomechanical properties of the performed treatment groups were assessed using atomic
force microscopy (AFM), as described in the methods (Figure 7.2). As a reference point, the
youngs modulus of articular knee cartilage in healthy 12 weeks old, male, New Zealand white

rabbits are reported in the literature to be 600 kPa on average (329, 330).

Healthy (normal) rabbit cartilage and empty defects were tested using AFM on the spare
rabbits once the treated rabbits had survived the postoperative period. The normal rabbit
condyles on average had a young’s modulus of 598 +/- 57 kPA (kilopascals). The empty defects
had on average a youngs modulus of 1155 +/- 179 kPA.

4 WEEK GROUP
In the microfracture group, the youngs modulus was 55.1 +/- 5.0 kPA. In the biofabrication
treatment group 1, the youngs modulus was 162 +/- 11 kPA. In the biofabrication treatment

group 2, the youngs modulus was 215 +/- 25 kPA at 4 and 8 weeks respectively.

After 4 weeks, the youngs modulus of the biofabrication treatment group 2 was significantly
higher than both the microfracture and biofabrication 1 treatment groups, p <0.001 and p
=0.03 respectively. The biofabrication treatment group 2 had a significantly higher youngs

modulus compared to microfracture at week 4, p <0. 0001.

8 WEEK GROUP

In the microfracture group, the youngs modulus significantly increased to 249 +/- 37 kPA by
8 weeks, p<0.0001. In the biofabrication treatment group 1, the youngs modulus significantly
decreased to 55 +/- 5 kPA by 8 weeks, p<0.0001. In the biofabrication treatment group 2, the
youngs modulus increased to 278 +/- 26 kPA, no statistical difference was detected over the

4-8-week interval.

After 8 weeks, the youngs moduli of both the microfracture and biofabrication treatment
group 2 were significantly higher than the biofabrication 1 treatment group, p <0.0001 and

p<0.0001 respectively.
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Figure 7.2. Atomic Force Microscopy (AFM) mechanical testing. For each group samples from
three different rabbits were tested (n=3). Day O reference measurements performed on
healthy cartilage and empty groups (n=2). GelMA - Gelatin-Methacryloyl and MSCs -
Mesenchymal stem cells. Data are presented as mean +/- standard error margin (SEM);

significant activity was calculated with unpaired t-test

7.2.4 MICROSCOPIC ASSESSMENT

Microscopical evaluation of cartilage repair was performed by assessing the histology and
immunofluorescence of collagen 1 and 2 in harvested tissue (Figure 7.3A). Microscopic
scoring of the repair was then conducted using an adapted version of the modified O’ Driscoll

scoring system, as described in the methods, Figure 7.3B.

4 WEEK GROUP

On the visual observation of histology (Figure 7.3, 4 weeks first row), spontaneous
regeneration was seen in the empty defect group, tissue was fibrillated and hypertrophic,
with extension beyond the native cartilage surface. The microfracture group showed no-
minimal recovery, with the fracturing of subchondral bone still visible after 4 weeks. Both the
biofabrication treatment groups (5 million MSCs/mL of 6% and 10% GelMA) showed

regenerative repair at week 4, inadequate lateral integration to native tissue was evident in

both.

Next, immunostaining for collagen 1 and 2 was performed to evaluate further the type of

tissue that was produced (Figure 7.3, rows 2-4). Collagen 2 should predominate in hyaline
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cartilage, while collagen 1 is associated with fibrocartilage. In general, the results were

consistent with the histological examination.

In the empty group, there was adequate collagen 2 expression at week 4 with a layer of
collagen 1 evident on top. There was a lack of collagen 2 staining and consistency observed
in the microfracture repair group and minimal expression of collagen 1 staining indicating the

absence of tissue regeneration/formation.

Collagen 2 staining after 4 weeks in both biofabrication treatment groups was detected, with
a higher signal observed in the 5 million MSCs/mL of 10% GelMA group. At the 4-week time
point, there are points of disruption visible in both groups which corresponded to the defect

borders; furthermore, collagen 1 staining was present within these regions

Finally, as part of the microscopic assessment, the sectioned cartilage tissue was scored using
an adapted form of an established system for chondral repair/regeneration. The modified O’
Driscoll score is a validated (359) marking system which is adapted from two different
classifications, enabling a more comprehensive assessment of cartilage repair using
implanted tissue. In addition to all the parameters found in the original O’driscoll scoring
system; subchondral bone formation, basal integration and inflammation are added from the
international cartilage repair visual assessment scale (ICRS 11 — VAS) (360). For this study,
three parameters were removed, which were subchondral bone formation, intactness of the
calcified layer and inflammation. These parameters are more specific osteochondral repair as

opposed to the isolated chondral repair mimicked in this study.

The empty group was scored 22.7 +/- 2.4 at. The microfracture group was scored 9.9 +/- 0.7.
The biofabrication treatment group 1 (5 million MSCs/mL of 6% GelMA) was scored 20.1 +/-
1.5. In the biofabrication treatment group 2 (5 million MSCs/mL of 10% GelMA) the score was
24.7 +/- 1.5. At the 4-week time point, the microfracture group was scored significantly lower

than all other treatment groups.

8 WEEK GROUP
On the visual observation of histology (Figure 5.3, 8 weeks first row), spontaneous
regeneration was seen in the empty defect group and the tissue is fibrillated and

hypertrophic, extending beyond the native cartilage surface similar to the 4-week group. The

137



microfracture group showed no-minimal regeneration with the fracturing of subchondral
bone still visible, similar to the 4-week group. Both the biofabrication treatment groups (5
million MSCs/mL of 6% and 10% GelMA) showed regenerative repair after 8 weeks, with

significantly improved lateral integration to native tissue compared to the 4-week group.

In general, the results were consistent with the histological examination. In the empty group,
compared to the 4-week time point, there was reduced collagen 2 expression with increased
regions of collagen 1 compatible with prevailing hypertrophic tissue. There was a lack of
collagen 2 staining and consistency observed in the microfracture repair group; furthermore,
minimal expression of collagen 1 staining also indicated the absence of tissue

regeneration/formation, similar to that observed in the 4-week group.

After 8 weeks in both the biofabrication treatment groups, there was a more homogenous
expression of collagen 2 throughout the cartilage surface, with no apparent gaps or breaks
visible. Furthermore, the staining intensity was similar between both groups, and collagen 1
staining was mostly evident in the subchondral bone regions, with no-minimal expression

seen at the cartilage surface in both groups.

The empty group decreased to 20.3 +/- 2.0 after 8 weeks, no significant statistical difference
was observed over the 4-8-week interval. The microfracture group significantly increased to
17.9 +/- 2.3 after 8 weeks, p = 0.005. The biofabrication treatment group 1 (5 million MSCs/mL
of 6% GelMA) score significantly increased at 8 weeks with a score of 26.3 +/- 1.3, p = 0.04. In
the biofabrication treatment group 2 (5 million MSCs/mL of 10% GelMA) the score increased
to 26.0 +/-1.6, no significant statistical difference was observed over the 4-8-week interval.

At the 8-week time point, both empty and microfracture groups were scored significantly less

than both the biofabrication treatment groups.
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Figure 7.3. Histology, immunostaining and microscopic scoring of cartilage repair. A)
Histology and immunostaining in 4-week and 8-week treatment groups, B) Microscopic
scoring of treatment groups after 4 and 8 weeks. Scoring of cartilage repair based on an
adapted form of the modified o’ Driscoll score, (n=3) for each treatment group and (n=3) for
each time point. Haematoxylin and Eosin (H &E), Col 2 (cyan) and Col 1 (red). GelMA - Gelatin-
Methacryloyl and MSCs -Mesenchymal stem cells. Data are presented as mean +/- standard

error margin (SEM); significant activity was calculated with unpaired t-test.
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7.3 DISCUSSION

An in vivo rabbit model of cartilage repair was performed using 4- and 8-week endpoints for
harvest. In each rabbit condyle one of the 4 treatment groups were performed: empty defect,
microfracture, biofabrication treatment group 1 (5 million MSCs/mL of 6% GelMA) and
biofabrication treatment group 2 (5 million MSCs/mL of 10% GelMA).

The biofabrication procedure was simply and efficiently implemented in the in vivo rabbit
model. The intraoperative printing of the hydrogel was well controlled. A limitation that was
associated with the bioprinting aspect of the procedure was the presence of blood over the
defect; this diluted the implant and made it difficult to control the homogenous formation of
the construct. Macroscopic scoring showed significantly higher results in both the
biofabrication treatment groups when compared to the empty group and microfracture
repair. Both biofabrication groups had scores consistent with nearly normal tissue repair,
whereas empty and microfracture repairs both showed abnormal tissue repair. Notably, no
difference was seen individually between biofabrication groups over 8 weeks, suggesting no

difference in repairability between the 4-8-week interval.

Microscopic repair scoring was generally consistent with the macroscopic results. Notably,
spontaneous regeneration was seen in the empty treatment group, even though a critical-
sized defect was generated based on past literature. However, this regeneration at both
timepoints was consistent with hypertrophic fibrocartilage production, which is reflected by
the significant amount of collagen 1 staining evident. The microfracture group demonstrated
weak regeneration/formation of tissue over 8 weeks. However, with microfracture repair,
extensive fibrocartilage formation is expected; therefore, the time points tested may be too
early in this model to see any significant tissue repair associated with this technique.
Alternatively, these results may be consistent with the formation of a critical-sized defect.
Both biofabrication treatment groups performed better with respect to chondral repair in
comparison to the empty and microfracture groups by 8 weeks, with no significant difference

between the softer and harder biofabrication treatment compositions.

The mechanical (AFM) results were consistent with the microscopic scoring. The empty defect
group tested at day O (using the spare rabbits) had a high youngs modulus, consistent with
that of subchondral bone, which is expected immediately after a full-thickness cartilage

140



defect is formed. The modulus in the microfracture group was low at week 4 and increased
significantly by week 8; however, overall, the modulus was still half that of native rabbit
tissue. This is consistent with the lack of fibrocartilage formation seen with microscopic
evaluation; significant fibrocartilage formation should produce very stiff tissue resulting in
high youngs modulus. In the softer hydrogel (5 million MSCs/mL in 6% GelMA) biofabrication
group the modulus significantly decreases during the 4-8-week interval, at 8 weeks the
modulus is about 10-fold less than that of normal healthy cartilage. Whereas, in the harder
hydrogel (5 million MSCs/mL in 10% GelMA) biofabrication group, the modulus is much higher

at week 4 and increases slightly by week 8.

Overall, these results suggest that the softer hydrogel is likely being degraded quicker than
new matrix formation by the cells. In contrast, in the harder hydrogel, the degradation rate is
slower than new matrix formation. The ideal hydrogel composition aims to provide adequate
chondrogenesis and structural strength; therefore, considering the equivalent chondral
repair capacity demonstrated in both soft and hard GelMa groups after 8 weeks, the harder

10% GelMA composition best satisfies these requirements.

A limitation associated with using the rabbit model was the evidence of spontaneous
regeneration seen within the empty defect group. This regeneration is a well-known
drawback of the model; however, the use of a critical-sized defect has been reported to
overcome this issue. In this study the critical-sized cartilage defect did not deter this
phenomenon of spontaneous regeneration; however, the repair was histologically shown to
be fibrous tissue as opposed to hyaline after 8 weeks, and therefore unlikely to confound the

results observed in the biofabrication treatment groups.

Several studies using a rabbit model combined with ADSCs have shown chondrogenic
potential with respect to macroscopic and microscopic scoring (361-365). In these studies,
traditional cartilage engineering methods using premade constructs/tissue combined with
flaps or glue are utilised (363, 366-368) which are slow and cumbersome. A hallmark study
performed in a sheep model using a extrusion printer-based approach and a periosteal flap
demonstrated some evidence of chondral repair, albeit with poor implant stability (178). The
lack of light assisted crosslinking (164, 165) is likely to have contributed to this poor implant

retention/integration (178) The study presented in this chapter of work is the first in vivo
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model to show a streamlined, efficient in situ biofabrication-based therapy for pure chondral
repair; furthermore, this study uses suitable controls and sufficiently examines the
macroscopic, microscopic and biomechanical function of repaired tissue. Moreover, this is
the first study to report the effect of different GeIMA compositions in a rabbit model using

ADSCs and biofabrication technology.

7.4 CONCLUSION

In this body of work, a biofabrication treatment approach to in vivo cartilage repair using stem
cells was performed safely in an operative setting, validating the procedural setup which was
designed in chapter 6. This the first in vivo study to prove that a concentration of 5 million
MSCs/mL is enough to produce neocartilage and outperform the current clinical standard
(microfracture repair). Furthermore, this is the first study to show that the use of soft verse
hard GelMA plays no difference in the ability to create hyaline-like tissue. Therefore, the use
of a harder GelMA composition may be preferable, given that it provides better mechanical
strength to the repair. The next step in validating this treatment approach is to perform a
larger animal model in which long-term outcome can be assessed, and if successful, will pave

the way to human clinical trials.
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CHAPTER 8: DISCUSSION,
FUTURE DIRECTIONS AND
CONCLUSIONS
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The avascular nature of articular cartilage (2) makes chondral repair a significant challenge in
the field of musculoskeletal medicine. Biofabrication approaches have become prominent in
the research field, particularly for cartilage (Chondral) repair (176, 369). The advances in 3D
bioprinting technology have enabled a more translational outlook towards repair using stem
cells and biomaterials (175). However, several barriers and concerns surround the use of such

therapies in humans.

With a view of treating articular knee defects using tissue engineering strategies such as
biofabrication with autologous cells, ideally, the cell source should be harvested from within
the knee joint. The same harvest and treatment site can be used due to the proximity of such
tissue to the defect, limiting the number and size of surgical incisions; and consequently,
reducing associated risks (e.g. harvest site irritation or infection) (345). Three cell sources
potentially applicable in cartilage tissue engineering are the adult chondrocyte, human
articular progenitor cell (hAPC), and human adipose-derived mesenchymal stem cell isolated
from the Infrapatellar fat pad (IFP-derived hADSC). The first objective of chapter 4 was to

verify and compare the chondrogenic differentiation potential of these three cell sources.

Compared to adult chondrocytes and hAPCs, IFP-derived hADSCs displayed superior
chondrogenic gene expression. The hAPCs group revealed a basal rate of chondrogenic gene
expression; however, were significantly less chondrogenic in comparison to the hADSCs.
There was a failure in chondrogenesis observed using chondrocytes, which could be
attributed to the use of IFP tissue from osteoarthritic donor knees. However, the literature
suggests there should be no significant effect on chondrogenic capacity (342). Chondrocytes
display variable differentiation effects based on expansion time, multiple passaging (343) and
the use of 2D vs 3D culture (344). Furthermore, hAPCs and chondrocytes would need to be
harvested from non-weight bearing regions of articular cartilage which is scarce and poses a
risk of damage to weight-bearing cartilage. Given these results, the most suitable cell type

from within the knee for the regeneration of cartilage tissue would be the hADSCs.

The second objective of this chapter was to review and optimise the current IFP-derived
hADSCs isolation protocol, intending to generate a rapid isolation protocol. Speeding up the
isolation timeframe enables a quicker turnaround period of cell culture before

reimplantation; furthermore, it can limit the timeframe in contact with animal-derived media
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and sterility related risks associated with in vitro culture (265). Past attempts at developing
rapid hADSCs protocols have failed to adequately isolate a functioning stem cell population
with proven chondrogenic potential; furthermore, the analysis of these populations has been

weak (274).

Here we developed a rapid and straightforward 85-minute method to isolate hADSCs from
harvested IFP tissue, reducing the standard isolation timeframe by over 16-fold. The two
areas that were sped up were: the chemical digestion phase (reduced from 3 hours to 30
minutes) and the plastic adherence step (reduced from 24 hours using non-coated TCPS to 30

minutes using Matrigel-coated TCPS).

Then newly developed 85-minute rapid IFP-derived hADSCs isolation protocol yielded a cell
count, cell viability, adherence percentage and total hADSCs count comparable to the control
group. Furthermore, flow cytometry results confirmed that the rapid protocol could be used
to isolate and expand a pure homogenous stem cell population that is comparable to the
control protocol. Cells isolated using the rapid protocol displayed an increase in the GAG/DNA
ratio and chondrogenic gene expression over three weeks, which was comparable to cells
initially isolated using the control protocol. Combining these investigations, we show that our
85-minute rapid isolation protocol is comparable to the control isolation protocol and the
isolated hADSCs can undergo successful chondrogenesis with no impairment associated with
the two abovementioned modifications. Furthermore, to prove the trilineage ability of
hADSCs, which is a type of mesenchymal stem cell, adipogenic and osteogenic differentiation
studies were performed. Rapidly isolated hADSCs were able to differentiate into adipocytes
and osteocytes as expected with the hADSCs phenotype; therefore, this protocol can be
extended to other fields of musculoskeletal tissue regeneration given the multilineage

potential of MSCs.

A limitation of this rapid protocol is the use of Matrigel-coated wells for selective cellular
adherence, although commercially approved for in vitro lab use, this mouse tumour derived
purified protein mixture is not approved for clinical use in humans. Therefore, either a
synthetically similar composition or an autologous biological composition needs to be

identified before any progression to clinical translation. Further work on different TCPS
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coatings has been performed (appendix 5), elements of this work are still in progress and

serve as part of an impending international patent application.

Traditionally hADSCs are generously expanded in culture to reach an abundance of cells
before being used in vitro and for reimplantation. There is no literature indicating if expanded
cells can be used before initial passaging (Passage 1) and how early expanded IFP-derived
hADSCs can be induced towards differentiation. The earlier the timeline to reimplantation the
less inherent risks involved with cell culture in a lab and exposure to animal-based serum
products (282). Another key advantage of knowing when the earliest turnaround timeframe
for reimplantation can occur is to identify and optimise the patient waiting time between

surgical procedures (Harvest and Reimplantation).

The first objective of chapter 5 was to determine the earliest time point during expansion in
which hADSCs can be driven into chondrogenesis. At time points 0 and after 3 days of
expansion, cells were unable to be pushed into pellet culture suggesting they are unlikely to
have matured into a more active stem cell phenotype which can be differentiated. After 5-
and 7-day expansion, timeframes cells were successfully pelleted. Furthermore, these
populations were both able to successfully undergo chondrogenesis over a 3-week
timeframe. Therefore, the earliest turnaround time during expansion in which hADSCs can be

pushed into chondrogenesis (used as therapy) is after 5 days.

The next objective of this chapter was to identify the minimum effective hADSCs
concentration required to produce neocartilage in a GelMA-based biofabrication procedure.
By identifying this concentration and correlating it to the number of cells isolatable over 5
days of expansion, the repairable defect volume can be calculated. Three hADSCs
concentrations representing 12.5, 25 and 50% of the average chondrocyte concentration in
knee cartilage, were biofabricated with GelMA/HA and cast into standardised cylindrical
models. After 3 weeks of chondrogenic stimulation, the 5.0 million hADSCs/mL concentration
group demonstrated the most optimal GAG/DNA ratio, chondrogenic gene expression and
hyaline-like ECM production visualised with immunostaining. Therefore, the 5.0 million
hADSCs/mL concentration represents the minimum cell concentration required to trigger the
chondrogenic pathway and produce advanced chondrogenesis in GelMA/HA-based

bioscaffolds. A limitation to this part of the study is that experiments were confined to our
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desired hydrogel which is GeIMA/HA, the results of which may not be translatable to the use

of other hydrogels which should have own cellular-interaction profiles examined separately.

Finally, using the data from the results obtained in the first two objectives of chapter 5, the
maximal repairable volume using a 5-day expanded hADSCs population is calculated, which is
380 pL (mm3) using one IFP or 760 pL (mm?3) using both IFPs (two IFPs one in each knee).
Based on these volumes, all lesion surface areas typically indicated for microfracture repair
and most osteochondral defects (average 550 ul) (252, 357, 358) can be treated using the
proposed biofabrication procedure irrespective of the depth of the lesion if both IFPs are

utilised.

Patients present with unique defect morphologies and sizes, by knowing the number of cells
that can be obtained after a 5-days of expansion and the minimum chondrogenic hADSCs
concentration, we can now decide how much of the IFP needs to be harvested per patient.
For example, a patient with a 1.5 cm? TSA defect with a depth of 1 mm will have a volume
repair indication of 150 puL (mm?3), which means harvesting of half an IFP will sufficiently
enable a 1-week turnaround biofabrication treatment approach. The data presented in this
chapter not only optimises the expansion aspect of a biofabrication treatment approach but
also makes it a personalised repair option which can be individually tailored. An obvious
limitation in this step will be with identifying the exact dimensions of such defects in advance,
which could be overcome by utilising preoperative magnetic resonance imaging or
arthroscopic examination. Another limitation is that the cellular yield data collected is from
patients in an elderly age group undergoing arthroplasty. To accurately represent the ideal
treatment population, it would be beneficial to assess the IFP-derived hADSCs vyield in

younger patients.

As part of the biofabrication set-up and design in chapter 6, several aspects of the procedure
were selected and validated. The rabbit (largest small animal model) was chosen to suit the
feasibility of this proof of concept project, in which the IFP and MSCs yield is too low and
variable. Therefore, first, an appropriate commercial cell source was selected (rabbit BMSCs)
and validated to show in vitro chondrogenic differentiation capacity. Next, two different
compositions of a GelMA hydrogel (soft and hard) were tested to evaluate their respective

baseline compressive strength. Then the individual gelation time required before printing for
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each composition was identified. As expected, the lower concentration (6% GelMA) had less
compressive strength compared to the higher concentration (10% GelMA) group with a >4-
fold difference. Using the filament formation test, it was determined that gelation times of 9
and 3 minutes of a temperature of 4°C were best suited to reach a printable hydrogel state in
the 6% and 10% GelMA hydrogels respectively. A limitation to this aspect of work is the testing
of only two different GeMA compositions. However, this study aimed to subsequently
evaluate the effect of in vivo cellular repair using a soft versus hard bioink, rather than
conducting a broad investigation into the strength of different GeIMA concentrations. Finally,
in the first objective, a 1 cm fixed distance hand-held UV cross-linking system was designed
using an easily operatable device and a sterilisable attachment cover. This distance ensured
that only the defect area of interest was cross-linked, and no healthy tissue was affected in

the process.

The final element of this thesis (chapter 7) was to assess if the minimum chondrogenic hADSCs
concentration could be used with the newly developed biofabrication procedure to repair
cartilage. An in vivo rabbit model of cartilage repair was performed using 4- and 8-week
endpoints for harvest. In each rabbit condyle one of the 4 treatment groups were performed:
empty defect, microfracture (clinical standard), biofabrication treatment group 1 (5 million
MSCs/mL of 6% GelMA) and biofabrication treatment group 2 (5 million MSCs/mL of 10%
GelMA).

The biofabrication procedure was easily and efficiently implemented in the in vivo rabbit
model. The intraoperative printing of the hydrogel was well controlled. The gelation
timeframes of 9 and 3 minutes (cooled at 4°C) used for the 6% and 10% hydrogels
respectively, achieved similar printability levels to that identified in vitro in chapter 6 (filament
formation test). A limitation associated with the bioprinting aspect of the procedure was the
presence of blood over the defect; this diluted the implant and made it difficult to control the
homogenous formation of the construct. An approach adapted to limit this was to dry the
defect with surgical cloth for a few minutes, to obtain a period of haemostatic control, before
construct delivery. The perioperative outcomes in all rabbits used in the study were well

controlled, with only minor wound complications encountered, which were easily resolved.
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Macroscopic scoring showed significantly higher results in both the biofabrication treatment
groups when compared to the empty group and microfracture repair. Both biofabrication
groups had scores consistent with nearly normal tissue repair, whereas empty and
microfracture repairs both showed abnormal tissue repair. Notably, no difference was seen
between both biofabrication groups over 8 weeks, suggesting no difference in repairability
between the 4-8-week interval. When the laterality of the condyle (medial or lateral) was
assessed, a higher score of the repair was evident for the medial femoral condyle at both 4
and 8-week time points compared to the lateral femoral condyle; however, there was no
statistical significance. This was an expected finding given the lateral collateral ligament in the

rabbit is near the lateral femoral condyle and likely to impede repair.

Microscopic repair scoring was generally consistent with the macroscopic results. Notably,
spontaneous regeneration was seen in the empty treatment group, even though a critical-
sized defect was generated based on past literature (308, 315). However, this regeneration
was consistent with hypertrophic fibrocartilage production, which is reflected by the
significant amount of collagen 1 staining evident. The microfracture group demonstrated
weak regeneration/formation of tissue over 8 weeks. However, with microfracture repair,
extensive fibrocartilage formation is expected; therefore, the time points tested may be too
early in this model to see any significant tissue repair associated with this technique;
alternatively, these results may be consistent with the formation of a critical-sized defect. In
both the biofabrication treatment groups, hyaline cartilage regeneration was evident after 8
weeks. At the 4-week checkpoint, there were disruptions seen at the defect interface in both
groups; however, these were overcome by 8 weeks with a more homogenous distribution of
collagen 2 observed throughout the surface. Staining of collagen 2 was similar in both the 5
million MSCs/mL of 6% GelMA and 5 million MSCs/mL of 10% GelMA groups at both 4 and 8-
week time points, suggesting no significant difference in the ability to form hyaline tissue after

8 weeks in vivo between the two groups.

The mechanical (AFM) results were consistent with the microscopic scoring. Healthy rabbit
cartilage tested at day O (using the spare rabbits) showed a similar youngs modulus to that
reported with 3-month-old male rabbits in the literature. The empty defect group tested at

day O (using the spare rabbits) had a high youngs modulus, consistent with that of
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subchondral bone, which is expected immediately after a full-thickness cartilage defect is
formed. The modulus in the microfracture group was low at week 4 and increased significantly
by week 8; however, overall, the modulus was still half that of native tissue. This is consistent
with the lack of fibrocartilage formation seen with microscopic evaluation; significant

fibrocartilage formation should produce stiff tissue resulting in high compressive modulus.

In the softer hydrogel (5 million MSCs/mL in 6% GelMA) biofabrication group the modulus
significantly decreases during the 4-8-week interval, at 8 weeks the modulus is about 10-fold
less than that of normal healthy cartilage. Whereas, in the harder hydrogel (5 million
MSCs/mL in 10% GelMA) biofabrication group, the modulus is much higher at week 4 and
increases slightly by week 8. These results suggest that the softer hydrogel is likely being
degraded quicker than the new matrix formation by the cells. In contrast, in the harder

hydrogel, the degradation rate is slower than the formation of the new matrix.

When combined with the microscopic results, it is evident that by 8 weeks the biofabrication
treatment groups show similar hyaline-like cartilage repair; however, the harder hydrogel
provided roughly 5 x more mechanical strength compared to the softer hydrogel group.
Furthermore, in chapter 6, it is shown the gelation time of the harder 10% hydrogel is much
quicker and therefore more efficient for operative use. Uniting all these results it is clear the

10% GelMa group is more suitable for in vivo cartilage repair using the described approach.

A limitation associated with using the rabbit model was the evidence of spontaneous
regeneration seen within the empty defect group. This regeneration is a well-known
drawback of the model; however, the use of a critical-sized defect has been reported to
overcome this issue. In this study the critical-sized cartilage defect did not deter this
phenomenon of spontaneous regeneration; however, the repair was histologically shown to
be fibrous tissue as opposed to hyaline after 8 weeks, and therefore unlikely to confound the

results observed in the biofabrication treatment groups.

In conclusion, a rapid <1-week cell isolation and expansion technique has been developed,
enabling an efficient turnaround to treatment using autologously harvested stem cells from
the infrapatellar fat pad. Furthermore, the minimum chondrogenic stem cell concentration

needed to produce neocartilage has been validated both in vitro and in vivo. The newly
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devised surgical biofabrication approach used in conjunction with the minimum chondrogenic
hADSCs concentration showed better outcomes compared to microfracture treatment

(clinical standard).

A key limitation to translating such therapies to clinical human trials for the treatment of post-
traumatic arthritis will be the need for regulatory approval (282). The complex nature of
mixing cellular therapy along with materials such as hydrogels is yet to be trialled in vivo with
humans and ongoing interaction and consensus with regulatory boards such as the FDA and
TGA will be imperative for future success (282, 370). Large in vivo animal trials looking at mid-
long-term outcomes of post-traumatic arthritis will be pivotal in receiving such approvals
(335). Clinical trials to examine the safety and efficacy of engineered cartilage in large patient
populations are costly and time-consuming. Recognizing this, the FDA has announced a new
policy outline to expedite the approval of new therapies, the Regenerative Medicine
Advanced Therapy (RMAT) designation, which has been created to expedite the approval
process (371). Advantages of the RMAT designation include FDA assistance as early as the
phase | trial stage, the discussion of potential surrogate or intermediate end points to
accelerate approval and eligibility for priority review of marketing applications (371). The
RMAT designation might be a solution to reducing the cost and time required to gain

marketing approval for engineered articular cartilage products .

The results from this thesis pave the way for future large animal studies targeted at cartilage
regeneration with the use of efficient and innovative biofabrication procedures. Utilising such
models, mid-long-term outcomes can be assessed, which if successful will promote the

progression to human clinical studies
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APPENDIX 1: CARTILAGE TISSUE ENGINEERING USING STEM CELS AND

BIOPRINTING TECHNOLOGY - BARRIERS TO CLINICAL TRANSLATION
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Thera is no long-term treatment stratogy for young and active patients with cartiage
defects. Early and effective joint preserving freatments in theso patients are crucial
in preventing the development of csteoarthritis. Tissue enginearing ovar the past fow
decades has presantad hope in ovarcoming the issues involved with current freatment
sirategies. Nowel advances in 3D bioprinting technology have promoted mora focus on
afficiant delivery of enginesred fissua constructs. There have been promising in-viro
studias and sevaral animal studies looking at 30 bicprnting of engineared cartilage tissue.
Howewver, to date there are sfill no human clinical trials using 30 printed anginesrad
cartilage tissue. This review begins with discussion sumounding the dificulties with
articular cartilage repair and tha limitations of current clinical management options which
hava led to research in cartilage tissue enginecring. Mext, the major bamiers in each
of the 4 components of cartilage fissue enginecring; cells, scaffolds, chemical, and
phwsical stimulation will be reviewed. Strategies that may overcome thess barmiers wil
be discussed. Finally, we will decuss the barmiers surrounding ntraoperative delivery of
engineared tissue consiructs and possible solutions.

Kaywords: carfilngs, siem oalls, scaffolds, hydrogaels, Hissus snginoaring, bioprinting. bio fabrication

INTRODUCTION

Articular cartilage defects pose a significant burden to patients both symptomatically and
functionally, leading to reduced quality of Life. Younger patients particularly have no long-term
treatment strategy and face multiple operations and possible complications in their lifetime due to
the inevitable development of osteoarthritis (1, 2).

Several surgical options exist in current practice (Discussed in detail under the current treatment
strategies section); howewver, they only provide short-term benefit in certain subsets of patients
based on the nature of the defect and host factors. Fibrocartilage production is the major barrier in
long-term viahility of these methods and is detrimenta] to joint fiunction (3).

Treatment strategies currently being pursued in research, fiscus on the development of 3D
bioprinting of engineered cartilage tissue. This is a diverse field with many factors warranting
optimization and integration to deliver the ultimate 30 tissue structure. However, there are several
obstacles with each individual component, collectively leading to a barrier with respect to clinical
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use of cartilage tissue engineering and 30 bioprinting for
cartilage repair. These hurdles will need to be addressed prior to
any design of 8 human clinical trial

ARTICULAR CARTILAGE: STRUCTURE
AND REPAIR

Articular carfilage is primanly composed of hyaline tissue
Hyaline cartilage is 2 specialized tissue found in most joints
and provides low friction and shock absorption. It zlso provides
a structural and biological barrier between two bone surfaces
leading to smooth uniform range of motion {4}

Articular cartilage has unique biomechaniczl properties
stemming from its structure (Figare 1) and composition. The
lubricated surface provides low friction for articular motion
The extracellular matrix (ECM) and large water content from
the effect of proteoglycans provides resistance to strong and
repetitive loads of compression and shear. Variations of structure
and composition in the different zones allow articular cartilage to
resist complex loads and forces encountered in daily activity (4).

Damaged hyaline cartilage is unable to self-repair (5) due
to its awascular nature. This characteristic of articular cartilage
represents 2 major challenge in the fiebd of i
Orvertime, either with or without trestment the defiect is flled
with fibrocartilage, which represents a stiff tissue that doesn't
provide the specialized properties of hyaline cartilage ().

CURRENT TREATMENT STRATEGIES

Surgically many techniques have been developed in an atternpt
to repair'regenerate cartilage. These can be classified into
bone marrow stimulation techniques (drlling, sbrasion, and
microfracture), direct chondral replacement (mosaicplasty and
osteschondral allograft transplantstion) and cell culture-based
treatment (Autologous Chondrocyte Implantation and Matrix-
induced Autologous Chondrocyte Implantation).

Microfracture is the most commonly used technigue whilst
Autologous Chondrocyte Implantation (ACI) and Matriz-
induced Autologows Chondrocyte Implantation (MACI) are
used by some surgeons in specific cases. Microfracture is
an arthroscopic techmique in which holes are created in the
subchondral bone to allow blood and bone marrow to proximate,
clot, and stimulate cartilage repair (6). ACI involves cartilage
being harvested from non/low-weight bearing regions from
which chondrocytes are isolated and expanded over 6-8 weeks,
after which the cells are implanted back in surgically (7). MACI is
a progression of the ACI technique characterized by the delivery
of cells in association with a scatfold (8)

Comparison between all three methods have shown oo
superiority of the newer techniques compared to the less
expensive microfractures. A randomized control trizl comparing
ACI to microfracture showed no significant improvement in

Abbreviations: 30, Three dimensiomal; ACIL Amtelogous  Chondrocyte
implantation; MACI, Mairis-mdeced Auinlogous Chondrecyie implantation;
MsC, Mesenchymal Stem Cell TOF, Tramsforming Growih Facior; BME, Bone

Bdorphogenetic Probem.

cartilage repair outcomes (9), furthermore, no difference was
shown comparing ACI to MACI (10). With no significant
difference prevailing amongst the three technigues the general
surgical inclination has been to opt for microfracture which isa
simpler and cheaper option.

Studies involving microfracture show better outcome in
patients =40 years old with isolated lesions averaging 2 cm®
in size, however at 36 months follow up there was significant
reduction in clinical outcome (11} This technique can therefore
only be provided to a small subset of patients and Lacks long-term
outcome data Heasons for poor long-term outcomes include
fibrocartilage production, patient age, functional level, location,
and size of the defect (3, 11-13).

THE EMERGENCE OF CARTILAGE TISSUE
ENGINEERING

Poor long-term results and outcomes from bone marmow
stimulation technigues like microfracture introduced the field
of cartilage tissue engineering (Figare 2). The general principle
of tissuwe engineering imvolves the use of cells, scaffolds,
growth factors, and physical stimulation (diamond concept) to
regenerate living tisswe (13).

In the field of cartilage, the zim & to develop bio-
mimetic tisse that can relisbly perform, both biologically
znd biomechanically, as hyaline cartilage There & a long
history of cartilage tissue engineering attempts with initially
engineered components resembling hyaline cartilage, however
compared to native cartilage they lacked in mechanical
properties (14, 15) Ower time there has been additional
focus on the biomechanical properties and cell-matriz/scatfiold
properties. The biomechanical forces being replicated in cartilage
engineering include shear, tension, and compression which are
endured in day to day activity within native joints (16).

30 bioprinting has emerged as 8 new technigque to
overcome some of the dificulties encountered in standard
tissue engineering srategies, thanks to its speed, reliability,
and precision (17). With respect to cartilage regeneration, the
potential superiority of 30 bioprinting is in the ability to provide
zn efficient and tailored approach in the treatment of unigue
defect patterns.

Cartilage engineering-based techniques would be indicated in
those with pure chondral besions. If stem cells are used for such a
repair approach, then amy size of isolated chondral injury can be
repaired due to the high replicative ab@lity of these cells, meaning
&n shundant cell number can be obtained with expansion. With
research progression osteochondral defects could theoretically be
cartilage or bone.

Celis-Barriers

Many different cell lineages of various potencies and sources
(Figare 3) have been studied; advantages and disadvantages of
the types are outlined in Table 1. Mesenchymal stem cells (MSC)
hewe emerged 25 a major line with respect to cartilage engineering
and show excellent chondrogenic potential (18, 19).
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traditionally been the bone marrow and adipose tissue, due
to easier access and the amount of tisme avallable Adipose
detived M3Cs has been shown to produce superior chondrogenic
differentiation when compared to bone marrow derived MSCs
{20, 21}, furthermore, more MS5Cs can be isolated per tissue
volume when using adipose compared to bone. Abdominal
subcutaneous tisswe and the infrapatellar fxt pad (IFF) are
MEC isolation. Although abdominal subcutaneous fat is more
abundant, IFP tissue has been shown to be more superior with
respect to chondrogenic potential (22).

Irrespective of final cell choice and source there are several key
barriers that need to be addressed for clinical translation using
cell-based cartilage engineering.

Concerns Around in-witro Lab-Based Call Expansion

Cell expansion systems are timely and currently require in-witro
lab-based cell culture. This opens uwp concerns with respect to
lab sterility, ethics, and risks associated with the use of animal
serum-based media products (23-26). Development of a rapid
isolation approach may allow avoidance of any is-vifro lab-based
cell culture if enough cells can be isolated and implanted directly

in theater (27, 2&), eliminating concerns surrounding sterility and
limiting the exposure to animal serum-based media.

Irrespective of isolation timeframes it will be critical to
establish protocols for cell culture without animal serum-
based media products in view of human clinical translation.
The development of animal serum-free culture media wsing
human derived growth supplements for MS5C expansion, such
&5 human platelet lysates (29-33) presents a promising salution.
Furthermore, development of animal and human serum-free
culture media for the expansion of MSC toward clinical
applications is another promising strategy (34-36).

How Many Cells Are Needed Basad on Defect Size?

Cell-free cartilage repair techniques swch as microfracture are
based primanly on lesion thickness (37, 38 Cumrent cell
implantation techniques sudh as ACT and MACT use an expanded
number of chondrocytes based on either surgeon preference
or rough physiological cartilage cell counts with preference
leaning toward higher than normal cell densities (39). The use of
higher chondrocyte densities in-vitro can inhibit matrix synthesis
leading to reduced ECM production (40, 41), whilst wsing lower
densities will not produce enowgh ECM in-vifre (42, 43} Only
& few in-vivo and in-witro studies report cell densities wsed and
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the use of higher cell densities has not been shown to be superior
to lower densities, therefore, no optimal clinical cell density has
been identified (39).

Scatfolds
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There is no data on the desired stem cell density in the
literature, with research groups tending to use cell counts based
on anstomical human data which shows roughly 1 = 10
chondrocytes in 1 mm® of tissue (44 Stem cells have a higher
praoliferate abifity compared to chondrocytes (45), therefore, use
of chomdrocyte hased cell numbers with stem cells will not be
&n accurate measure of the optimal cell density needed at time
of repair. It will be imperative to investigate the optimal cell
consideration other factors such as the matrix type and volumes
used.

Scaffold Materials-Barriers
The vast majority of cartilage tisswe engineering technigues
use scaffolds, which help support and create 3D structures of
the cellular matrix. Successful scaffold designs optimize certain
requirements (46—4E) including: biocompatibility, environment,
tomicity, degradation rate, pore size, pore geometry, and scatfiold
stitfness.

5caffolds can be classified as natural polymers., synthetic
polymers, or a hybrid In cartilage engineering sofier polymers,
which can initially fill in defects and then solidify at later
stages, are the bio-scaffolds thet show most promise for clinical
zpplication due to their ability to fill complex morphologies
which present at the time of surgiczl repair (4%). 5oft polymers
such as hydrogels have biomimetic properties similar to soft
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tissue (50), however, at their starting point, ie, liqwid phase,
hydrogels have relatively poor mechanical stability, which
represents a limitation of their use in this state (511

Strangth?

MNormally hydrogels are printed in 2 liquid state, which can
then solidify after a phase transformation induced by chemical
or non-chemical reactions. Cross-linking can be undertaken
via photo, thermal or chemical induction (52). This process
allows molecules to crosslink and provides increased mechamical
stahility to the tissue (53, 54).

Orver time tunable hydrogel composites have been formulated
which can be tweaked to enhance the mechanical properties
of the material (55-57) and allow vertical construction of a
3D shape which was another initiz] limitation of hydrogel use
{57). However, each addition or modification that is made can
interact and effiect the biocompatibility and therefore needs to be
thoroughly tested.

Can Cross-Linking of the Scaffold Ba Incorporated
Intracperatively?
Cross linking can be performed prior to implantation, meaning
the engineered construct is made on 2 bench then implanted
separately. This will prevent normal human tissue from being
affected directly by cross-linking reactions and the sources
used. To date, most in-vivo animal models have utilizmed bench-
based formation of cross-linked pre-formed cartilage tissue,
with subsequent implantation into simple non-complex defect
morphologies which are man-made at time of surgery (58-560).
However, as mentioned earlier implanting pre-formed tisswe
will be difficult due to the complexity zssociated with cartilage

defect morphology and therefore if at time surgical printing is
preferred then the ability to cross link needs to be performed
during surgery also leading to the issue of safe intrapperative
cross-linking.

A recent pilot study (61) showed an intracperative direct
hand-held repair technique in a sheep model where tissue was
formed and cross-linked directly into a defect at time of repair,
thus avoiding any pre-printed bench-based tissue engineering
techmiques. In this study an ultraviolet light was used to cross
link the hydrogel material which was preloaded with 2 photo
initiating material, the Light source was used as a separaie
companent to the hand-held bioprinter. Macroscopically the use
of the light sounce didn't affect surrounding healthy tissue. This
study also used simple man-made defects and therefore doesn't
confirm the ability to directly bio-print engineered cartilage into
complex morphologies, however, if validated with more complex
lesion patterns provides 8 more suitsble option compared to
implanting pre-formed cartilage tissue.

In future studies it will be ideal to directly add such a source
to 2 hand-held printing dewice limiting the need for additional
components and complexity to the surgical approach.

Chondrogenic Stimulation-Barriers

Moaolecules including growth factors and soluble non-protein
chemical compounds chemically regulate cell behavior.
Malecules bind to surface receptors on stem cells to activate
intracellular signsl pathways controlling cellular proliferation,
differentiation, and synthesis. Mesenchymal stem cells have an
important paracrine effect on cartilage formation and promoting
an anti-inflammatory environment (52, £3).

Many combinations such as transforming growth factor
(TGF) beta-3 with bone morphogenetic protein (BMP) 2 have
induced chondrogenesis in adult stem cell use (64). hmespective
of the combination uwsed, during m-wvifro experimentation
chemical stimulants cen be provided (via culture media)
periodically, producing consistent chondrogenic differentiation.

However, regular delivery and monitoring of stimulation can't
b translated into an in-vive setting as the native knee synoviam
must take over mutritional comtrol The native synovium in an
adult is not catered to newly growing cartilage, meaning the
desired growth factors and respective concentrations provided
in ir-vitre studies will not be present in-vivo, therefore, symovial
take-owver of matritional regulation becomes an unknown obstacle
in the way of human clinical trials.

Can Engineared Cartilage Tissue Ba Maintained in
the Body in the Long Term?

‘With 2 view of translating tissue engineered cartilage into the
human knee, 2 major barrier will be with the formation of relizble
and consistent chondrogenic tissue over time Human blood
supply will have growth factors and chemical stimulants that can
assist with chondrogenic stimulation, howewer, highest activity is
during fetalfyoung stages of life with increasing age associated
with less stimulation and organization of chondrocytes and
extracellular matrix (55). Therefore, theoretically if engineered
tissue (composed of newly forming cartilage cells from a stem cell
bease) is used in adobescent cartilage repair we have no certainty of
cellular control and regulation in-wivo.
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Short term results are promising with respect to the
use of cartilage tissue engineering methods in an in-wivo
amimal medel (58, 59, 610 However, no midlong-term
(=12 weeks) in-vivo znimal studies wsing cartilage tissue
engineering and 30 bioprinting methods have been
performed, therefore, no superiority compared o Curmemnt
clinical techmiques such as microfracture and ACI can be
ascertzined Midlong-term im-vivo animal studies wsing
tissue engineering technigues will be crucial in validating the
ahbility of the native synovium in nourishing and maintaining
engineered cartilage over large periods of time, this data will
be pivotal to obtain prior to any progression to human clinical
trials.

Physical/Enwironmental
Stimulation-Barriers

With respect to mechanical and environmental stimulation,
if tissue &5 to be printed directly im-vivo then mnative forces
encountered by the knee in conjunction with symovial
nourishment should directly take owver adequate stimulation
Therefore, with an approach avoiding lab-based tissue growth

there & no major concern with the ability to mimic the
environment of the human knee.

The replication and delivery of such an environment is
only important when trying to maintain a bench based in-
vitre model of repair research where a bio-printed piece of
tissue is maintained in a lab for is-vitro investigation or for
in-vivo models using pre-formed tissue which is maintained in
2 lab then implanted at a later date. In these studies, tissue
will need to be maintasined = close to the native in-vivo
environment as possible whilst in the lab. Therefore, ideally these
cartilage constructs should be exposed to the different types
of mechanical forces encountered by the native knee, such =
shear stress, perfusion, hydrostatic pressure, and compression
(16, G6L

Recraating the Proporties of the Human Knoo ina 3D
Culture Environment-30 Bioreactors

‘Well-designed hioreactor systems can provide stimulation
in one consistent and regular  setting  therefore
providing 2 culture environment that promotes cartilage
growth (671
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Single stimulation bioreactor environmenis

Induction of shear force to promote cartilage growth has been
demonstrated using rotating vessels (68-70), spinner flasks (71,
72), and stirred double chambers (73). Induction of perfusion
to promote cartilage growth has been demonstrated wsing fluid
perfusion bioreactor systems either using a unidirectional (74)
or a bidirectional (75) bioreactor. Induction of hydrostatic
pressure to promote cartilage growth has been demonstrated
using fluid filled chambers with water pumps (76, 77). Induction
of compression to promote cartilage growth has been widely

maihos.
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Rioreactors for inducing multiple’combined mechanical force
Bioreactors applying multiple mechanical properties are
currently being developed One study combining intermittent
unconfined shear and compressive lnading for 2.5 weeks showed
increase in glycosaminoghycan and collagen type [1 production
in human chondmcytes by 5.3- and 10-fold, respectively, after
simultaneous stimukation {74).

More development & warranted into the application of
multiple mechanical forces within bioreactor systems with
respect to in-vitro cartilage tissue engineeTing,

Construct Delivery —Barriers

Modern advancement in 30 bioprinting technology opens up
novel techniques with respect to the delivery of engineered
human tissue As mentioned earlier with respect to cartilage
tissue engineering the ideal materials for printing are hydrogels
given their ability to accommodate complex morphologies (49).
‘With respect to 3D bioprinting of engineered cartilage tissue
the ideal printing device would need to be small, portable, and
operator friendly to allow for direct intraoperative printing into
defects.

Bioprinting has largely come about to combat the limitations
of past tissue engineering methods and allows for accurate
contral of cell distribution, production of biomimetic geometry,
and rapid production of construct {79, 80). With respect to
cartilage tissue repair, it is impossible to accurately characterize
defects even with current advances in medical imaging, therefore
bioprinting technigues in this field need to be focused more
on flexibility rather than computer aided precision. Several
different types of bioprinters have been developed (Figare 4),
characteristics and dissdvantages of each type are shown
in Table 2z Hand-held bioprinting used in conjunction with
hydrogels are best suited to achieve this as they can plug defiects
of any nature easily like using a glue stick/gel, avoiding the need
for large and heavy machinery in the operating theater (81

The most suitshle mechanism to fit a portable hand-held type
device would be extrusion printing given the compactahle nature
of the mechanism, an example of this is the “hio pen”™ which
uses pneumatic extrusion-based technology to allow printing
of hydrogels (22), Figare 5 shows the intraoperative use of the
bio pen in an sheep model This device can be loaded with
two cariridges allowing for a co-axial based printing method
(Figures 6A4-I)) which can concentrate cells in the middle core
with an outer hydrogel shell layer that can be crosslinked and
protect the inner cellular tissue (83).

Engineered tissue wsing a portable hand-held device can
be printed divectly during surgery on the spot with the top
of the construct being immediately crosslinked using methods
mentioned earlier. This approach allows for implant stability
within the lesion (61). However, when using non-portsble
printers and non-hydrogel-based scafolds/materizls the formed
implant will need to be manually positioned (requires precise
geometry when initially crested) into the besion and then
anchored with either sutures or a flap approach.

In-vivo animal delivery of engineered cartilage tissue has
been performed to-date using large incisions over the kmee,
similar to those made in conventional knee replacement surgeries
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{61, B4). Larger incisions, however, increase the risk of wound
complications (e.g., infection and wound dehiscence) and reduce
cosmetic satisfaction, both of which are important factors to
consider in treztment of 2 young-middle aged population.

Can Enginearad Cartilage Tissus Ba Provided Using
Less Risk Adverse Minimally Invasive Techniquas?
Arthroscopic knee surgery (85) (key-hole surgery) can provide
such 2 solution and is performed in & day surgery setting
allowing patients to retwrn to daily activity almost immediately.
Technically speaking the desired bioprinting device would
therefore be incorporated as an attachment into an arthroscopic
kit, once again the most suited to this would be 2 small hand-
held bioprinter. This microsurgical kitfdevice will need adequate
valdiation and training prior to use.

If as mentioned earlier a rapid stem cell &olation can be
established to fit within a surgical time frame (28) then this
will open up the ability to harvest tissue, isolate stem cells then
directly re-implant a cell/scatfold interface into knee joint in one
single operation. Furthermore, if stem cells can be harvested
from a source like the infrapatellar fat pad (IFF) (B5) which is
in close proximity to the knee joint (Figare 7) the operation can
be performed using one surgical site. Arthroscopic harvest of
the [FP for adipose-derived mesenchymal stem cells isolation has
been performed successfully in a rabbit model (22).

Will the Deliverad Construct Integrate Effectivaly With
Host Tizzua?

Another uncertainty is the ability of engineered cartilage tissue to
integrate with healthy tisswe. [t is evident that superior cartilage
repair can be achieved using 2 hand-held printing method,
however bath hand-held and bench-hased printing methods can
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Microfracture (MF) Contr

produce the development of voids (Figare 8) between the edges
of the implanted tissue and health native tissue (1)

A possible solution to overcome this would be to apply an
initial cost of biocompatible adhesive (27) into the defect prior to
implantation allowing better proximeation of tissue. Subsequently
it will be pivotal to investigate if such 2 method then allows
interaction of the implanted tissue with the healthy tissue, this
could be investigeted adding tracking materials’dyes to the
constructed tissue, and then assessing movement/integration at
ditferent time points (8%, B9).

CONCLUSION-HUMAN CLINICAL
TRANSLATION

Cartilage repair technigues using stem cells and 30 bioprinting
technology =il remains elusive with respect to human clinical
translation. Many challenges remain to be addressed and
overcome as described in this review. More focus on in-vivo
animal studies will be essentizl to investigate many of these
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Mesenchymal stem cells (M5Cs) have shown much promise with resped i their use in cartilage tisue engineering. M5Cs an be
abtained from many different tissue sources. Amang these, adipose tisue can provide an abundant soura of adipose-derived
mizsenchymal stem cells (ADMSCs). The infrapatellar fat pad (IFP) isa promising source of ADMSCs with respect to produding
a cartibge linemge Cell sobtion pratocals to dote are time-consuming and ollow conssrvative approaches that mely on a
long inmbation period of 24-48 hours. The different typss of ADMSC isolation techniques wal for cartilage repir will be
reviewed and compared with the view of devdaping a mpid ane-step isolation protod that can be appliad in the context of 2

1. Introduction

Cartllage tissue engineering has become a major research
Interest in the past few decades, primarily due to the lrability
of native human cartllage to self-repalr [1, 2]. There is no
rellzble long-term joint preserving management optlon for
early onset arthritls secondary to cartilage defects, and this
nﬂ'g.r potentially lead to jolnt replacerment (arthroplasty) and

assnclated short- and long-term riks and sequelse [3, 4]
Fibrocartilage formation is the major barrier in the long-
termn viabdity of currently wed dinkal methods and is
detrimenial tojoint function [5, 6].

The diarmond concept [ 7] embodies the 4 major sirategles
that underpin tssse engineering, mamely, cells scaffolds
growth factor/cytokines, and environmental stmulatlon.

This review will focus specifically on ADMEC Isolaton
techniques and thelr efficency with respect to driving
cartilage formation

Current kolation procedures in cartibige thsue engl-
neering are in vitro and hboratory-based These are

primadly complex two-step procedures that alss rase

ethical concems with mspect to human thsue culture o a
laboratory setting [8].

Tramshiting these tech inte the climical settimg
will require the development of a rapid, sterle, one-sep
technigue that could fit into a day surgery timeframe To
date, rapld Bolition of bone marnow-derived MSCs [9, 10]
and their therapeutical potential has been studied [11], but
an impaortant barrier to adoption has been the low number
of stemn cells requidng a period of cell expansion in the
bboratory. There Is only one published study asessing a
rapld lsolation (=30 minutes) for ADMSCs from
abdominal lpoaspirate [12], but even this technlgue relles
on a mdnimum of 24 hours for plastic adherence.

2. Adipose-Derived Mesenchymal 5tem Cells

ADMSCs have the ability to differentiate into mesoderssl
thaue Uneages, that is bone, cartilage, muscle, and adipose
[6, 13-16]. They have been incorporated into many different
scaflold-based s and have an established role in

cartilage tiksue englneering [17, 18]
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Initially, bone marrow (BM) was the most commanly
used source of M5Cs. Like ADMSCs, BM-dertved MSCs are
multipotent in mature and can produce tssue of mesodermal
lineage [19]. Tissue can be harvested autologousdy and does
not pose the ethical, tumorgenle, or mmuncgenle risk as
presented by pludpotent stem cells The disadvantages of
using BM include low tsue volume and low cell volurme
[13, 20, 21]. BM-derved MSCs are comparable [22], if not
inferor, in regpect to chondrogens when onm-
pared to ADMSCs [22, 23], These factors, in addition to less
invasive tssue harvesting techniques, make adipose thsue a
mire d esirable source,

3. Tissue Sources and Harvesting Technigues

ADMSCs can be obtalned from different sources and by
different technlques. The two major sources are abdomina
fat and infrapatellar fat pad (IFP). Technigues and protocals
for ADMSC harmvest and lsolatlon vary based on different
laboratory groups. Abdominal fat can be harvested from
subcutaneous tissue via abdominoplasty or arthroscopy.

The IFP (Figure 1(2)) is an emerging source of MSCs for
cartilage tssue engineering [24, 25]. IFP can be opportundsti-
cally harvested (Figure 1(a)) dudng routine surgical
dures such as knee anhroplasty (Flgures 1(b) and 1(c)) or
arthroscopy (Figures 1(d) and 1(e}) and s known to have
high chondrogenic potentlal [28]. Although there is less fat
volurme in the [FP compared to abd aminal fat, chondrogenic

has been shown to higher in ADMSCs sourced
Troens the IFP [27, 28] The prosiendty of the IFP to the knee
joint may scoount for this higher potential

These results could pave the way for future novel
advances in minimally invasive arthoscopy or technigues

for pure fat pad harvesting as opposed to opportunistic har-
vest and, better yet, the possible establishment of a single-
step surglcal repalr technlque using stem cell technology.

4, Cell solation Procedure

Olstaining & stem cell population requires several sequenitial
steps, incuding harvest, mechanical breskdown, chemical
breakdown, purification, and plstic adherence. After these
steps, it b important to cownt and daracterie cells and their
sterness pote ntial with appropriate investigations.

Cell expansion plays a crucial role to dlow adequate cell
pumbers required for In vito sudies. However, when
considering an in sltu one-step regenerative ure for
chondeal defects, initial cell harvest mumbers will need to be
adequate for repalring varlably skred leslons. Approximately
one milion cells are needed for a 1 cm® leslon [29]. There-
fore, studles Into cell numbers per thsue unit hamvested will
be cruclal. Recently, cell aggregates have demonstrated
incressed proliferative abdity. This may be due to direct
cell-cell contact, allowing better intracel lnkar communication
[30-32]. It will be important to now study the number of
aggregated cells needed to repair varkably skred lesions, if less
than one millon cells are needed per 1cm* lesion, this could
prove to be a major breakihrough

The steps levobred and respective time frames when using
standand protocols are shown below (Flgure 2) With both
sources, current technlgues take =1hour for cell lsoktion
and subsequently require incubation for up to 2448 hours
to allow for plastic adherence [33]. This was proven to be a
lengthy procedure which k& not a major concem I only
applied to in vitro studies
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Fsurn 2: Adipose derived mesenchymal stem oll (ADMSC) isolation pratocol inchuding timedames.

4 L Harvest. Abdomdral fat can be harvested endoscopleally
of via abdominoplasty with no significant difference in cell
structure and the mumber of cells vielded per unit of volume
[34]. Both take mimimal procedural tme of <20minutes
however, the intendad abdominoplasty procedure may take
much longer. Minimal comparkons are present in the
literature. Two studles showed the comparable momphology
of cells harvested from endoscopk (Upesuction) and
abdornd nop lasty (pesection) technlques, bowever, Inadequate
phenotyping and carcteriation of kolated cells wem
undertaken in both sudies [35-37].

Infrapatellar fat pad (IFF) can be harvesied vh
arthroscopy and opportunistically from arthroplasty. While
both tisase harvesting techniques only require the minimal
procedural time of <20 mimstes, the overall anhmoplasty
procedure may take up to 2 hours. Additionally, isolated
ADMSCs from IFP have been shown to have higher chon-
drogenic potenitial ared to cells Bolated from bone
marrow [26] and abdomdnal adipose tisue [27], making
them a superior sounce.

A2 Mechanical Breakdown. Abdomiral fat harvested via
liposuction is obtained in Hpoaspirate form and does not
require any further mechanical breakdown IFP tissue
requires separatlon of fat from the fibrous pad via a scalpel
which takes roughly 10mirutes [38].

a3 Chemical Breakiown Once fat particles have been
wolited from both sources, collagerase k added to the
samples to allow chemical breakdown of the tiksue. While 2
nurnber of collagenases are avallable for ADMSC isolation

(Table 1), type 1 collagenase |5 the preferred agent for
olation pricr to chondrogenic ineage induction. Reseanch
shown wsing collagercse type 1 at 02% for 10minutes of
chemicallen breakdown can obtaina stromal vascolar
fraction [39]. Increased time > 30 minutes using collagersse
digestion has been shown to reduce the number of viable
:ﬂp-u-cytﬂ[iﬂ Adding trypsin to pure collagenase allows
maximal digestion [41]. Further study is warmmied
mﬁndtheopdﬂu]type:ndmmtﬂﬂnnufoﬂq&
mase to enable rapld, effective, and efficlent dissgyre gation
of AMDE s
After the addition of collagenase, the samples are incu-
bated and agitated with a otating platiem (=100 revolutions
per muinute ). During incubation on the platform, both chem-
ical and mild mechanical agitations occur synergistically.

44 Purfficetion. Pudfication refers to the separation of
material, the removal of unrequired product, and fltration
Following mechanical and chemical breakdowns, the sample
undergoes a universal step of centrifugation for 10 minutes
[34, 38]. Next, the supernatant b removed, and the pellet Is
washed with phosphate buffer solution before being filtered

a gterile 1 pm filter. After another round of centri-
fugation for 5 minwtes, the supersatant is discarded and the
remalnlng pellet s then resuspended in 5 millilitres ofred cell
lysis buffer [28] for 10 mdeates before being filiered through a
sterile 40pum filter [38). After a final 5-mimute round of

tion, the resulting supematant i removed, leaving
a cell pellet. This total purification prescedure is reported to
take amywhere between 25 and S0minutes Postpurification
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Tanee 1@ Compari ofhmtdjﬂuﬂqﬂtrm:ﬁ:h‘nhhmwﬂnﬂ] for ADMSC olation from subomtanesous fisme.
butfer o

Phosphaie tion (PES), Hank's balinced salt solution (HBESS), bovine senmm albumin (BSA), and Dulbecco’s modified cgle’s
medium (DMEM).

Cheng et al_[42] Type 1 1% PES 60 minue:
Choudhery o al. [42] Type 4 0.2% PES 20 mines
Satish et al [44] Type 2 0.1% HESS/BSA 41 minuies
Kineshit et al [45] Type 1 QO75% FES 30 minues
AlSagi et al [46] Type2 0.1% Unspecified 45 minutes
Knellensperger ot al_[47] Type 1 015% BSA 45 minute:
Majar etal [48] Typel 0.1% BSA 45 minuies
Corvelli et o [49] Type 1 0.1% Unspecified 60 minutes
W et al. [50] Type 1 0.1% DIMEM 90 minues
Yang etal [51] Typel 0.1% FES il Tinuies
Yuetal [52] Typel 0.1% DIMEM Glminues
Tan etal [53] Type2 1% HESS/ESA 50 minues
Koy & al. [54] Typel 0.1% PES/BSA 60 minaies
Jeon et al. [55] Typel 0.1% HESS /BSA 60 minaies
Rodriguer & d. [39] Unspecified 0.2% DMEM/ES A 10 minues
Deviraddy et al. [54] Type 0.1% PES/ESA 60 minues

Figune % Phstic adherence and morphology of mesenchymal stem cells isokied from the infrapatdlar fat pad, representative view using
bright fidd microscopy.

cells are resuspended in culture medhs and then counted
jprior to being plated in flasks.

a5 Plustic Adherence. Once cells are plated in approprate
flasks based on cell counts, they are incubated wually for
248 hours Cell attachment to plastic is a keystep for den-
tifying and lsolating cells with stem cell characteristics. Unat-
tached cells are discanded At this stage, the attached cells can
be expanded and passaged or frozen In lguid nltregen for
later use. This plastie adherence step reqguires 3 minimum
of 24 howrs of i ubation. Cell sorting usl g marker selec tion
(fow sorting) is an altermative to plastic adherence with
respect to kolating a pure ADMSC population [57]. The
drawback tothis technique ks the time requirement and ck
of exact phenotyple characterksation of ADMSCs.

46 FPhenotype. As per the Intemationsl Socety for
Cellular Therapy [58, 59], three criteria must be fulfilled
for the MSC phenotype: adherence to plastic, appropriate
surface antigens, and expression of multipotent differenti-
athon L

Flaste adherence b a hallmark property of all MSC

groups  [60, 1] Furthermore, typkal morphology and
colony formation can be observed under a micmscope as

seen in Flgure 3.

To confirm the phenotype of cells lsolsted a8 MSCs
specific surface antigens are tested through imemunophe no-
typing and can be done via flow cytometry [46]. MSCs
generally express (295%) CD73, CDA), and CD 105, while
lacking expression (£2%) of CD 11b, CD14, CD34, CDM5
and CD79a [47].
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Tanee 2 Mesenchymal stem cdl differentiation testing, COL: collgen (K astencalcing ALP: alkaline phosphatase; PPARG: peraxisome

profiftor-act vated recepior gamma; C/EEP: CCAAT/enhancer -hinding protein; ACAN: aggrecan.

Osieoblasts Alarin Red, Vian Kossa (1L 1Al O:CH, mnx 2, ALP

Adipocytes il Red O FPARG 1 and 2, C/EEF a and d

Chomadroblasts Alcian blne COL 2AL, SON-9, ACAN
However, exact characterisation i stil] in devel 6. Where Can We Save Time?

[57, 62], amd surface should be wed in

comjunetion with other crterta to help best identify MSC There are three steps where time could be saved

Blologically, MSCs should digplyy three lmes of
differentiation potential osteoblasts, adipocytes, and
chondroblasts [58]. Multipotent potential can be evidenced
by differentiation into variows lneages using different
Induction paths [16] and can be tested with saining and

gPCR (Table 2).

5. Rapid Isolation Procedures in Literature

Over the past decade, several commencially available enry-
ratic and none nrymatic adipose tsive cell isolation systermns
[63, 6] hove achieved sterile processing and high vields of
cells. However, these systems only kolate a stromal vascular
fraction (SVF), implying that a plastic adherence step is still
required for pure ADMSC isolat jon

Gnepnbllihed:ttemptat:npd.dpmmm]mmg
abdomdeal 1 achleved an SVF lsolation within
30 madetes [12]. 25 % 10" ADMSCs were isolited using the
30-miniute 3 red to 20 10° from the stan-
dard approach. The final step of plstic adherence to Isokite
a pure ADMSC popubstion still required 24—48 hours of
further incubation. Furthernsore, the mumber of ADMSCs
vielded was mearly 10 times less when compared to the
standand procedure.

A purely ponercymate breskdown appeoach with
blender mixing and sonlcation has been used to obtadn an
SVF within 25 minutes [65]. On average, 2.6 107 cells were
bolated i the SVF, msulting in a very low awerage of
24x10° ADMSCs. Alth SVF bolitlon is rapid,
overnight (>24 howrs) plstic adberence & once agaln stil
reguired to obtan a pure ADMSC population.

It & evident from these two approsches that a low
nurnber of cells are obtained, possibly due to toxicity from
the methodology. Moreover, only an SVF was rapidly
olated as opposed to a pure ADMSC population, which stil
takes =24 hours

The use of SVF alone, without the use of a pure ADMEC
pepulation, may be another therapeutie option. As men-
tloned earlier, given the superor chondrogenic potential of
ADMSCs solated from the IFP [27, 28], SVF populations
fooen abdomdnal fat should be red to IFP before
tralling SVF as a direct one-step thempeutic option
However, the lack of cell-cell contact within an SVF due to
scattered ADMSCs will lead to inferior cartilage repair a5 a
result of reduced paracrine stimuktion [34].

These are discussed below and also represented in Figure 4.

&1 Mahenical Breakdown The initlal mechanical bresk-
down could be further e nhanced by adding mechanical agita-
tion through shaking, vortexing, and possibly adding sterle
solid materials during chemical breakdown to synergistically
asslst the breakdown of tssve. Sterlle beads have been used
commerclally in Uposuction kits to help emulsify dssue
[86]. If such materlals were to be used, they need to be ster-
lizable and nontoxle and show a consistent and predictable

thon into bolation techniques The risk of these more
ous approaches is cell damage and deatly therefore, it will
be imyportant to assess cell viabdity in such intended studies
Although it currently only takes (-10mimstes to break
tissue down depending on the source, the more vigorous
breakdown of tissue earlier, particulady of IFP tissue, may
help reduce the total tdme needed for the subsequent step of
cheneal breakdown,

&2 Chemical Breakdomwn The chemical breakdown shows
varying timeframes with reports of 10 mdmutes for the break-
down of tissve Into an SVF [39. Higher concentrations of
collagerase with the addition of trypadn may dlow for the
meaximal breskdown, while higher rpm we on rotating
platforms may enable synerglstic breakdown Once again,
the possibility of cell toxic ity will need to be investigated [40].

63 Plastic Adherence. Plastle adherence forms the major
tirmse barrier (mdndmoen of 24 hours). A pew rapid techn igue
needs to be established in this step as this Umeframe & not
clinically fexsible.

Recent literature has reported the high affinity of articular
progen itor cells (APCs) to fibronectin, with research showing
APC adherence to fibronectin-coated wells in 20minutes
[67]. Although lacking deady defined markers, these APCs,
also known as chondrogenle progendtor cells, have shown
stem cell potential and are similar to and posslbly mwore
differentiated forms of ADMSCs [68].

This is & major finding supporting the wse of fibron ectin-
ooated wells or plates to isolate ADMSCs if it can be demon-

grated thoough immunophenotyping that stem cells are
attaching selectively to the coating.
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Increasing agitation, for example, shaking or
adding elements to sample

/.

Cheemical breakdivwn:
Increasing mibgenase concemtration

i

and Increasing platform spesd /,/

L]

\ Separation, purificition,
and filtration

Plastic adherence
Using cell-spectfic onabed
Haskswells, for |

ftwomectin

W

L]

Figune & Proposed mpid adipose-derived mesenchymal stem ol (ADMSC) isolation procadun: from the infrapatellar fat pad (IFP)L. The

three major changes proposed are highlighted in red.
7. Conclusion and Future Clinical Applicability

A mpld ADMSC isolation technique ks necessary for asingle-
step, tsue engloeering-based surgical repalr of cartilage
tissue. Literature to date suggests IFP-harvested ADMSCs
to be the most promising in chondmgenle potentlal. If a
can laolate ADMSCs an apprsach such &
that described in Figure 4, then incorporating the cells into
a matdx and implinting them into a defect using handheld
bioprinters [69-71 ] may pave the way for a single-step intra-
operative cartilage repair technigue When leveraging the
advantages of a day-only minimal incision surgery, such a5
arthroscopy, there may be sgnificant clinlcal outcome and
health care cost gains
The future of cartllage repalr Is promising By speeding
up cell olation technlques, a major time barrier can be over-
come, transating adinically to a nonlabomtory-based proce-
dure, shorter surglcal time, guicker reoovery for the patient,
and a smaller burden on the health care system. Younger
patients can now hope for a simple, low-risk treatment
option that alds in preventing the onset of ostecarthritis
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APPENDIX 3: FLOW CYTOMETRY FROM THREE DIFFERENT CELL TYPES
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Figure Al. Flow cytometry profiles of hADSCs, Chondrocytes and hAPCs from one patient
tested. Graphs represent the cytofluorimetric analyses of the stemness markers used to
characterise the cells in both control and rapid isolation groups. Red lines represent the control
staining with only the secondary antibody, while the green lines show the profile of
fluorophore-conjugated target antibody
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APPENDIX 4: FLOW CYTOMETRY FROM THREE DIFFERENT PATIENT LINES
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Figure A2. Flow cytometry profiles of hADSCs from three different patient lines tested. Graphs
represent the cytofluorimetric analyses of the stemness markers used to characterise the cells
in both control and rapid isolation groups. Red lines represent the control staining with only
the secondary antibody, while the green lines show the profile of fluorophore-conjugated
target antibody. P represents the gated cell population of interest. Positive expression (>90%)
is seen with markers CD44, CD49c, CD73 and CD90 (as expected), negative expression (<3%)
is evident with markers of CD31, CD34, CD45 and CD146 (as expected).

198



APPENDIX 5: EFFECT OF DIFFERENT SOURCES OF COATED TCPS ON
CELLULAR ATTACHMENT

Autologous and synthetic TCPS (Tissue culture polystyrene) coatings were evaluated. Platelet-
rich plasma (PRP) can be autologously harvested from human serum and contains ECM
proteins which can facilitate cellular attachment. Poly -L- lysine is a well-studied synthetic
polymer that can facilitate cellular attachment. In this developing body of work, cellular
attachment to these sources was evaluated over timeframes of 15 and 30 minutes and

compared to Matrigel-coated TCPS adherence.

TCPS-coated surfaces used:
1) Matrigel (Animal-derived), [Sigma Aldrich]. Control
2) Poly -L- Lysine (Synthetic Polymer), [Sigma Aldrich]
3) PRP at 5% in PBS (Autologously derived- Human) [Allocuro system*]
4) PRP at 10% in PBS (Autologously derived- Human) [Allocuro system*]

*PRP was prepared according to the manufacture’s protocol (http.//www.alocuro.com.au)

before being used as a coating.

CELLULAR ADHERENCE

Effect of coated-TCPS on hADSC adherence

100+
M PRP 5%
S 80- Bl PRP 10%
§ . Bl Poly-L-lysine
S Bl Matrigel
o 40+
e
©
<< 20-
0-

15 minutes 30 minutes

Figure A3. Effect of different Tissue culture polystyrene (TCPS) coatings on cellular
attachment. PRP - Platelet-rich plasma and hADSC — human adipose derived mesenchymal
stem cell. Data are presented as mean +/- SEM, (n=2), significant activity was calculated with

unpaired t-test.
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After 15 minutes, the poly-L-lysine coated TCPS group showed the highest level of cellular
adherence compared to the other groups, however, overall, there was still <40% attached in
all four coated TCPS groups at this time point, (Supplementary Figure 1). After 30 minutes,
both the PRP 5% (67%) and Poly -L-Lysine (72%) coated TCPS groups were comparable to the
Matrigel-coated TCPS group (70%) for cellular adherence. The PRP 10%-coated TCPSs group
after 30 minutes only achieved a 47% level of adherence. No significant statistical difference
between any of the groups is observed given only an n=2 sample has been tested at this

preliminary stage.

IMMUNOPHENOTYPE

*For phenotypical assessment the PRP 10% group was abandoned given the PRP 5%

concentration had a higher level of cellular adherence.

During cellular expansion, cells appeared morphologically similar in all three groups and were
typical of a mesenchymal stem cell population (Data not shown). Cells were expanded until
passage three and underwent immunophenotyping with flow cytometry. All positive markers
of the expected hADSCs phenotype were expressed as >90% in all three groups as shown in
Supplementary Table 1, and all negative markers of the hADSCs phenotype were expressed

as <3% in all three groups.

Marker Expected hADSCs PRP 5% Poly -L-lysine | Matrigel-coated
phenotype TCPS group (%) | TCPS group (%) | TCPS group (%)
CD 44 + 99.98 99.94 100
CD 49c + 92.5 94.59 96.74
CD73 + 99.65 99.36 99.11
CD 90 + 98.33 98.10 99.33
CD 31, 34,45 - <3% <3% <3%
and 146

Table Al. Flow cytometry results summary of key markers tested for with the hADSCs
phenotype. PRP - Platelet-rich plasma and hADSCs— human adipose derived mesenchymal

stem cells. Data are presented as a mean of two different patients (n=2).
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Early results from this body of work suggest that PRP 5% and Poly-L-lysine coated TCPS are
both comparable to Matrigel-coated TCPS for hADSCs attachment. Furthermore, the
phenotype of selectively attached cells is consistent with that of a hADSCs. These results are
promising and suggest that autologous or synthetically derived coatings can be substituted
for the Matrigel-coated TCPS utilised in the newly devised rapid IFP-derived hADSCs isolation
procedure. Further validation and optimisation of such TCPS coatings and their

role/contribution to the overall biofabrication technique are being explored and refined.

201



