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Abstract

Surgical repair of rotator cuff tears is often inadequate and can lead to re-tearing of up to 40%
of surgical cases, and ensuing pain and disability. The reason for surgical failure has often
been attributed to the poor intrinsic healing qualities of the tendon itself in combination with
a lack of congruence at the bone-tendon interface (enthesis). Despite the advances made with
surgical materials and techniques, little progress has been achieved in improving the
biological response of torn tendons. Tissue engineering and the development of biomaterials
offer promising strategies to support the healing process.

The aim of this thesis was to develop a biphasic biomaterial or scaffold, consisting of a soft
electrospun part and a hard 3D printed part, in the context of rotator cuff repairs. Electrospun
fibres are promising materials to support tendon healing because they can be designed to
resemble the hierarchical architecture of native tendon extracellular matrix. In addition, 3D
printed structures have well-known applications in bone-tissue engineering because they can
be designed with a similar porosity and pore size to bone matrix. The main objectives will be
to create a biphasic scaffold consisting of an electrospun soft cuff and a 3D printed hard
block, evaluate the biological activity of the electrospun filaments and set the dimensions of
the 3D printed part using anatomical measurements and anonymised medical imaging.

To achieve the biphasic scaffold, a layer-by-layer method to insert pre-assembled bundles of
electrospun filaments in the 3D printing process was first used. The resulting scaffold was
scaled up to increase its mechanical strength and reach a threshold value of 250N that is of
clinical relevance. Second, the cuff component was evaluated against a commercial suture
and although there was no difference in cell attachment between them, cells were elongated
and spindle-shaped on the former and showed a profile of differentially expressed genes
related to development and proliferation, angiogenesis, and extracellular matrix organization.
Thirdly, the design of the 3D printed component was improved to fit the geometry of the
greater tuberosity of the humerus, using medical imaging, resulting in three prototypes with
different fixation methods. The prototypes were tested in a porcine model ex vivo and failure
mechanisms were identified using physiologically relevant cyclic loadings.

Future work should focus on automatizing the manufacturing process and on further
improving the strength of the biphasic scaffold by changing the cuff design and inserting
more filaments. Furthermore, the bioactivity and biocompatibility of the soft and hard
components should be evaluated more thoroughly with use of clinically relevant cell types in
co-culturing systems or by use of bioreactors. Finally, the designs of the proposed biphasic
scaffold need to be evaluated in a model system resembling human anatomy, physiology and
biomechanics over a prolonged period of time.

In conclusion, this thesis proposes a novel method for the manufacture of a soft-hard
scaffold, using state-of-the-art tissue engineering biomaterial technologies, electrospinning
and 3D printing. While it shows potential for rotator cuff tendon repair, this work also
contributes to the wider research community investigating multiphasic scaffolds for various
clinical applications.
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Preface

This thesis aims to propose a novel soft-hard construct for rotator cuff repair applications
using two well-known scaffolding techniques, namely electrospinning and 3D printing,
which are both used to create scaffolds that are used clinically. This construct will ideally
have sufficient strength to support tendons during healing and will provide biophysical cues
at the microscale to influence cell behaviour. It will also have dimensions that are relevant to
a clinical setting, e.g., to fit an anatomical location, and have handling properties that are
suitable for surgeons and existing surgical equipment. Its composition will involve synthetic
polymers that have been previously used in devices cleared by the Food and Drug

Administration (FDA).

In the first chapter, an overview of the shoulder and its macro- and microanatomy,
specifically the rotator cuff, will be presented and the response of tendons to injury on a
molecular level will also be described. Treatment options for tendon tears, non-surgical and
surgical, will be briefly outlined, including what materials are commonly used as suture
anchors. Shortcomings of current approaches will be highlighted with the focus on tissue
engineering as an emerging discipline that can offer solutions to the lacking biological
activity of commercial suture anchors. Electrospinning and 3D printing, the fabrication
techniques central to this thesis, will also be introduced. In the second chapter,
electrospinning will be used to create submicron polydioxanone fibres that are assembled into
bundles and stacked into 3D printed polycaprolactone blocks using a layer-by-layer method.
The ultimate load to failure as well as the scale-up potential of these constructs will be

evaluated. In the third chapter, the cell response to electrospun sutures and a commercial
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Preface

equivalent will be compared using a cell viability assay, electron miscroscopy and high-
throughput sequencing. Computational analysis is performed to elucidate differences in
genetic expression between the two materials and to contextualize functional pathway
enrichments. In the fourth chapter, the design of the 3D printed hard block is investigated to
approximate the geometry of the greater tuberosity of the humerus. Three design variations
will be presented including their method of fixation, using a porcine bone model, and failure
mechanism when subjected to cyclic and static load. This will be compared to the failure

mechanisms and mechanical properties of currently used sutures in rotator cuff repair.

Finally, in the last chapter, overall discussion points are considered alongside the contribution
of this thesis to the development of a soft-hard biphasic construct, including general

limitations and potential endeavours for future work.
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Chapter 1 Introduction

1.1 The significance of rotator cuff tears

Rotator cuff tears (RCT) are a significant cause of shoulder pain with negative consequences
in the global work force, but also in sports-related activities and daily life resulting in a loss
of overall productivity (/). Over 460,000 rotator cuff repairs are done annually in the United
States, expected to surpass 570,000 by 2023, making them the second most common
orthopaedic soft tissue repair procedure performed after hip arthroscopies (2), see Section
1.3.2 on treatment modalities. The cost of repair is rising significantly as well, which means
an increase in pressure on health services (3). The estimated annual costs of rotator cuff
surgery in the United States was reported to be $1.2-1.6 billion, whereas in the United
Kingdom the total cost in the NHS has been reported to be over £60 million (4). With a
population that continues to age it is expected that the severity of RCTs will be worse,
including the pain and disability experienced. Small rotator cuff tears can sometimes be
treated conservatively with adequate physiotherapy. However, tears often progress in size
leading to a decline in muscle quality and fatty degeneration which hinder a successful
surgical outcome (5-7). Another important reason for early surgical intervention is to limit
pain and prevent shoulder arthropathy, which could lead to further disability. A commonly
used approach to repair RCTs is using suture anchors to fix the tendon to the bone. The
details of surgical intervention are presented in Section 1.3. This intervention restores some
of the function but does little to support the tissues in healing and regeneration, this can lead
to re-rupture of the tendon causing poor functional outcomes (&), see Section . Indeed, failure
rates have been reported to be between 13-94% (8). Conversely, the success rate in hip and

knee total joint replacements has been reported to be over 90% with follow-ups of over 10
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years after implantation (9). It therefore begs the questions of what makes RCT repair
outcomes so much worse and what can be done to improve it? Different failure mechanisms
have been described that range from suture anchor properties to inadequate tissue healing to
different modes of rehabilitation (/0, /7). Rotator cuff surgeries were first performed in the
1980s by Neer et al and despite a considerable increase in research and advances in surgical
materials and techniques over the years, the rate of surgical success has not improved
significantly (/2). The pain, disability, and strain that RCT cause on health care systems is
only set to increase and neither surgical nor conservative treatment currently result in
acceptable long-term outcomes for patients with re-tears of their rotator cuff (/3). Much
research is currently being devoted to tissue engineered scaffolds that focus on the biology
and regenerative abilities of the native tissues. Indeed, the mechanical superiority of
clinically used sutures and anchors has been proven many times (/4), but this is fruitless in
case of impaired healing of the tendon, and it is necessary to find a compromise between

mechanical strength and biological function.

1.2 The shoulder structure and function

1.2.1 Macroanatomy of the shoulder

The human shoulder consists of three bones: the humerus, scapula and clavicle that articulate
to create movement. The connection between bones are joints and the shoulder consists
mainly of the glenohumeral (GH) joint — a ball and socket joint which gives it a wide range
of motion. It connects the head of the humerus to the shallow socket of the scapula called the
glenoid fossa (i.e. cavity). To increase its depth and provide more stability for the humerus,
the glenoid fossa is surrounded by fibrocartilaginous tissue around its margin. This is a soft,
rubbery tissue called the glenoid labrum. Other important joints in the shoulder are between
the scapula and clavicle (acromioclavicular, AC), the clavicle and sternum (sternoclavicular,

SC) and the scapula and thorax (scapulothoracic, ST). The shoulder joint is kept stable by the
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organization of soft tissues that prevent dislocation of the bones, e.g. a forceful pull in the
wrong direction could cause the humerus to be popped out of its socket. These soft tissues
include muscles, tendons, and ligaments. The most important muscles contributing to
shoulder movement and stability are the supraspinatus, infraspinatus, teres minor and
subscapularis, all originating from the scapula and inserting onto the proximal humerus.
Their tendons pass over the GH joint and come together in a musculotendinous collar that
wraps around the humeral head. This is the rotator cuff and is the site of rotator cuff tears and
injuries. These muscle-tendon units perform abduction and rotation of the shoulder,
accounting for a significant part of the shoulder’s total ROM. Indeed, the supraspinatus
muscle is responsible for initiating abduction (i.e., moving the arm away from the body), and
damage to this muscle or tendon can have a significant impact on activities in daily life.
Figure 1.1 gives an overview of the described structures in an anterior and posterior view.
Figure 1.1D gives a superior view of the humeral head with the attachment of the

supraspinatus and infraspinatus tendons highlighted on the greater tuberosity.
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Figure 1.1 Musculoskeletal landmarks for the rotator cuff of the shoulder. For clarity, other structures in the shoulder are not
visualized here. Images A-C adapted from Kenhub (/5), and image D reprinted from Mochizuki et al ({/6) with permission
from Wolters Kluwer Health, Inc.
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1.2.2 The rotator cuff tendon and footprint

Tendons form the attachment between muscle and bone and move the joints by transmitting
force. Rotator cuff tears occur in the tendons that insert onto the humerus and mostly happen
at the interface of tendon to bone, called the enthesis (/7). The mechanisms underlying
rotator cuff tears are discussed in section 1.3.1. To understand more about the impact of
damage it is necessary to take a closer look at the anatomy of the tendon and enthesis. The
focus will be on the supraspinatus tendon as this is the one most commonly injured. The
attachment of rotator cuff tendons on the humeral head is also known as the ‘rotator cuff
footprint’ and has been the subject of many cadaveric studies, causing conflicting statements
about the footprint structure and its dimensions (see Table C.1, Appendix C). This could be
attributed to several reasons. Information about the cadaveric specimens in these studies
mostly include age and sex at the time of passing. The age range is quite significant, since
most specimens are from older donors (>60 years old). Most authors checked their specimens
for gross anomalies and often had prior medical history at hand to be able to exclude those
with rotator cuff tears, bony irregularities, or osteoarthritis. Some studies commented on the
racial distribution of their specimens but considering the scarcity of human donors in many
places this was often not a priority. No study commented on former occupation status or level
of athleticism, which is undeniably useful information but cannot be made available to
preserve the donors' identity (/8). Although most authors measured the tendons using similar
methods and reference points, the range of measurements is still quite broad. This can be
caused by anything from the differences in specimens, to how these were preserved,
prepared, and dissected and which specific instruments were used. More detail about this is
presented in Chapter 4. However, clinicians and scientists alike do agree that the tendons of
the rotator cuff overlap significantly as they insert onto the tuberosities of the humerus (16,

19, 20). About 15 mm proximal to the insertion, the supraspinatus and infraspinatus tendons
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join to form a common attachment on the greater tuberosity of the humeral head (79, 21), see
Figure 1.1D. The tendon of the supraspinatus has been described as consisting of an anterior
‘strap-like’ and a posterior ‘rope-like’ portion that consist of collagen fibres packed together
in primary bundles (sub fascicle) that are grouped into secondary bundles (fascicle) and are
then collated into tertiary fibre bundles (22). The tendon is made up of these collected tertiary
fiber bundles and are surrounded by a loose connective tissue called the epitenon. All these
bundles run parallel to the axis of muscle tension (22). The wrapping of the bundles in
connective tissue (epitenon and endotenon) allows the individual bundles to slide past each
other and transfer mechanical load between fibrils (23). This hierarchical architecture of

tendon makes it particularly well suited to withstand high forces (Figure 1.2).
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Figure 1.2 The hierarchical structure of a tendon. Image reprinted from Encyclopaedia Britannica with permission specified
in Section 1: *Use of Content’ in the Terms of Use (24).

1.2.3 The tendon on a molecular level

Tissues and organs are composed of cells which are held together by the extracellular matrix
(ECM) — a ‘physical scaffolding’ (25). The composition of the ECM is tissue-specific, but
inherently consists of water, proteins, and polysaccharides (25). It is a dynamic environment
that is continuously being remodelled to support tissue or organ function, development, and

repair (26). In tendons, the ECM is mainly composed of water, and collagen which accounts
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for 60-85% of its dry weight (27). Tenocytes, resident fibroblasts that make up tendons, are
also embedded in the ECM. Proteoglycans are proteins in the ECM that trap water to
lubricate the collagen fibrils as they slide past each other (28). Collagen type I, which
provides the tendon with its tensile strength (29, 30) is the main type that can be found
(~95% of collagen). The rest is made up of proteoglycans and other proteins including
elastin, and small amounts of inorganic substances (27). Collagen type I is a triple helix made
up of one al-chain and two a2-chains, which have a recurring pattern of amino acids
responsible for the structure and link of the helix (37). Every third position in this motif is
occupied by glycine (Gly), which acts as the stabilizer and brings the chains close together
(27). The strength in the collagen comes from proline, which causes kinks in the individual
chains and forces a left-handed confirmation of the helix which increases potential
crosslinking and binding sites. The third amino acid is lysine, which causes further
crosslinking by hydroxylation, increasing the strength even more. The collagen helices then
self-assemble into fibrils, once they have been discharged into the extracellular space, which
form the building block of tendon, see Figure 1.3 (27, 32). Macroscopically, tendon is a white
tissue, due to its avascular state which is an important contributor to its poor repair
capabilities.
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Figure 1.3 The structure of collagen type I. Figure adapted from Sana Amsterdam(33).
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The cells within the matrix are called tenocytes, or tendon fibroblasts and constitute less than
5% of the volume of tendon tissue (34), which makes repair and remodelling quite
challenging, see Section 1.3.1. They are located between the parallel chains of collagen fibrils
where they produce ECM (35). However, this is a slow process as they are sparsely
distributed and proliferate at a low rate (36), in addition to having only a small number of
tendon-progenitor stem cells in the matrix (35), this makes healing and regeneration of
tendon tissue particularly difficult (35). Tenocytes are terminally differentiated fibroblast that
are highly elongated in shape and sensitive to extracellular cues to communicate with each
other and produce and maintain tendon matrix (27, 37, 38).

Tenocytes attach to the ECM through integrin receptors which are transmembrane proteins
that link the actin cytoskeleton of the cell to specific ECM components (e.g., fibronectin) (39,
40). During cell migration, focal complexes form through these integrins upon first contact
with the ECM (39). The vitronectin receptor is an important integrin that recognizes proteins
in the ECM through peptide motifs (39). Once the cytoskeleton of a cell is anchored, a
clustering of integrins occurs that matures the focal complex into focal adhesions (40). Focal
adhesions are reliant on mechanical stress signals for their maturation and maintenance (39)
and once contact is established, integrins can mediate signalling by inside-out and outside-in
pathways, the latter which is involved in many fundamental cellular processes (47). If a cell
fails to attach to the ECM or lose contact to it, it will undergo apoptosis (40). Indeed, the
cytoskeleton of the tenocyte is responsible for maintaining homeostasis within the tendon by

continuously communicating to the ECM via the integrins (42).
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1.2.4 The interface between tendon and bone

The enthesis is the insertion of the tendon into bone and has an important role in the
transmission of mechanical forces during motion (43). It is made up of four different zones in
the longitudinal direction: bone (IV), calcified fibrocartilage (II1), uncalcified fibrocartilage
(IT) and tendon (1), each with their respective cell populations (44, 45). The mineralisation of
the enthesis increases towards the attachment at the bone while collagen fibres become
increasingly sparse (Figure 1.4). Bone and tendon are both rich in collagen type I, but the
interface between them consists predominantly of collagen type II which, in contrast, is only
present in small amounts in bone and tendon (46, 47). Indeed, the collagen fibres of the
tendon undergo a transformation in composition and geometry before attachment to bone that
allows them to unravel and fan out (46). This arrangement means that the mechanical
properties of the enthesis are different throughout the enthesis zones which makes it
particularly well suited for transmitting forces from tendon to bone. It is often the site of
injury (e.g., rotator cuff tears) and due to its poor ability to regenerate, damage can lead to a
loss of functionality (8, 48). In fact, damage and consequent repair attempts will result in a
fibrous construct of disorganised scar tissue that is inferior to the mechanical properties of a
healthy enthesis (43, 49). This disorganised tissue is most likely due to elevated expression of
collagen type III which is not normally present in the enthesis, and may indicate that a
remodelling takes place in which the abundant collagen types I and II are replaced by
collagen type III (50, 517). This is thinner than collagen type I, has been found to be increased
at rupture sites of Achilles tendon (52) and is associated with a low degree of alignment and
inferior mechanical properties (47). It was also found that the cells presiding in the enthesis
changed their shape and did not align to collagen fibres in a parallel orientation anymore
(51), this reduces adequate force transmission from bone to muscle and translates in reduced

and painful motion. Poor outcomes after rotator cuff tears are perpetuated by the current
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surgical techniques where torn tendon is directly fixed to the bone, negating the complicated
transitional structure of an enthesis that is so crucial to the overall rotator cuff functionality.
To fully understand the interplay between rotator cuff tendon tears and structural damage to

the enthesis, the response to injury of tendons will be discussed in the next section.

Enthesis
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Figure 1.4 A schematic overview of the enthesis as a functional unit in the attachment of tendon to bone. Image adapted
from Bianchi et al (53) under the Creative Commons Attributions License 4.0.

1.3 Rotator cuff injury

1.3.1 Pathophysiology at the molecular level

Injury to a tendon is referred to as tendinopathy that can be caused by degenerative or
traumatic causes and can progress to tendon tears in the absence of treatment (54).

The most commonly injured tendon of the rotator cuff muscles is the supraspinatus, which is
essential for abduction, with partial involvement of the infraspinatus (55-57). Rotator cuff
tears are multifactorial but key risk factors for the development of tendinopathy are increased
age, smoking (54) and repetitive over-use (58). Trauma can also occur due to high-energy
impact or overuse in overhead athletic activities (59). The ECM undergoes changes from a
macro- to micro-scale when the tendon is subject to load to facilitate crimping, uncrimping
and realignment of the fibres and to allow transfer of strain from the ECM to tenocytes (60)
via their actin cytoskeletons. Crimp refers to the arrangement of the collagen fibrils in a wavy
pattern that buckle and unbuckle during longitudinal loading (67). A typical stress-strain
curve for a tendon is presented in Figure 1.5 (62), in which an initial toe-region represents the

stretching of the fibres that increases linearly as the stress increases (linear region). At about
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4% strain, i.e. elongation, the collagen fibres lose their crimp and exhibit microscopic failure
that progresses into macroscopic failure and eventual tendon rupture beyond 8% strain (62).
Strain is defined as the difference in the original fibre length and length after being stretched,
divided by the original length, e.g. if a fibre measures 1 mm in length and is stretched up to
1.08 mm this would translate as 8% strain. The homeostasis of the tendon is therefore
dependent on mechanical feedback loops that range from the macro- to nanoscale and are
implicated in rotator cuff tears (Figure 1.6), due to inappropriate mechanical stimulation, and
can thus affect transcription and induce different cell responses related to inflammation,
migration, proliferation, and differentiation (63-66). Damage to tendon fibrils due to high
stresses results in a mechanical under-stimulation of the cell cytoskeleton attached to the
ECM and can lead to apoptosis of tenocytes, a muted remodelling and ineffective healing
response (60, 67-69). The actin cytoskeleton maintains its shape and tension by transmitting
load through cell surface receptors (70). Repetitive overload of the tendon is linked to a
difference in cell morphology — with a rounded rather than elongated shape — and an increase
in inflammation and ECM degradation markers (77). Indeed, there is an increasing amount of
evidence indicating a role of inflammation in tendinopathy and the response to injury can be
divided into three overlapping stages (72): inflammation, proliferation and remodelling. After
injury, the acute phase (hours to days) is characterised by the influx of inflammatory cells
into the site of injury. Then, in the proliferative phase (weeks to months) fibroblasts start
producing collagen so that mechanotransduction can take place. This is also signalled by the
release of growth factors (e.g., TGF-p) that stimulate tenocytes to proliferate and synthesise
collagen (73). In the last phase, remodelling, the newly synthesized collagen fibres cross-link
to increase the overall tensile strength of the tendon, in a process that can take up to a year
(74). The healing process is primarily regulated by matrix metalloproteinases (MMPs) that

are responsible for ECM degradation, whereby specific types of MMPs are also responsible
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for the degradation or remodelling of collagen (75). However, as briefly mentioned before,
this remodelling phase results in tendon tissue that is inferior to the healthy tendon, and
which is characterised by the disorganised and thinner collagen type III fibres, accumulation
of proteoglycans and a decrease in tenocytes (Figure 1.7). The presence of proteoglycans is
associated with an increase in water content, contributing to tissue swelling and disruption of

the collagen fibre network (76).
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Figure 1.5 Stress-strain relationship in healthy tendon and at the point of failure. Image reprinted from Wang et al (62) with
permission from Elsevier.
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Figure 1.6 Maintenance of tendon homeostasis through multi-scale feedback loops. Image reprinted from Chatterjee et al
(42) with permission from Taylor & Francis under the Creative Commons Attribution License 3.0
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Figure 1.7 Cellular changes in healthy tendon (A) due to aging (B) and disease (C). Figure reprinted from Nourissat et al
(77) under the Creative Commons Attribution 3.0 License.

1.3.2 Treatment of rotator cuff tears

Patients presenting with complaints of the rotator cuff are most often treated conservatively,
especially if it involves an atraumatic presentation. Young and active persons that suffered
high-impact trauma are usually treated surgically (78). Conservative treatment includes pain
relief and rehabilitation through physiotherapy (79). Analgesia also includes corticosteroid
injections into the glenohumeral joint which have gathered considerable controversy about its
efficacy and impact on the tendon tissue (80-82). In fact, in a meta-analysis conducted by
Mohamadi et al (80), the authors conclude that these injections only provide minimal pain
relief at best, with no improvement after three months and are thus not cost-effective.
Another systematic review by Puzzitiello et al (8§7) highlighted the adverse effects of
corticosteroids on tendon tissue, which include decreased cellular proliferation, altered ECM
and collagen synthesis and increased apoptosis on a molecular level. Furthermore, they
highlighted a significant decrease in load to failure and stiffness in tendons treated with
corticosteroid injections, in combination with a decreased bone volume density of the greater
tuberosity, which manifested as a decreased suture anchor pull-out strength (83-85). Other

injectable treatments that have gained popularity include the use of platelet-rich plasma
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(PRP) and growth factors (TGF-f), but results are highly variable, not well reported, and
inconclusive (82, 8§6). Physiotherapy essentially leaves the tear unrepaired and there is a wide
variety of different approaches with a high variability of results (§7). However, there is still
much debate in the wider orthopaedic community of the benefits of conservative versus
surgical treatment. In a recent review by Narvani et al (4), conservative and non-conservative
treatment were discussed, and it was found that although patients benefit from physiotherapy,
surgical intervention is warranted in patients with full thickness tears to prevent progression
in tear size, muscle atrophy and fatty infiltration to the point it becomes irreparable (56). A
randomized clinical trial comparing outcome measures of patients with small and medium-
sized rotator cuff tears concluded that surgical repair of the tendon resulted in better
functional outcomes than physiotherapy after 1, 5 and 10 years of follow-up (88-90).
Furthermore, the cost-effectiveness of rotator cuff repair is reported to save $3.44 billion
annually when accounting for hospital- and theatre costs, as well as costs of lost income due
to the inability to work (97). Although much is known now about the biology of tendon in
healthy and injured state and we have made considerable advances in treating tendon injuries,
the intricacy and complexity of the tendon-bone unit means that we are still not able to fully

restore tendons to pre-injury conditions.

1.3.3 Surgical repair of the rotator cuff

Rotator cuff tears can be partial or full-thickness tears depending on how deeply affected the
tendon is. They can be categorised according to various systems, including, but not limited
to: size (Cofield), shape (Ellman), location (Snyder), level of retraction (Patte), and degree of
muscle atrophy (Thomazeau), or fatty degeneration (Goutallier) (92). A standard
classification system does not exist, however tears are often geometrically described as it

allows for better communication and comparison of different repair techniques (93), see
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Figure 1.8. Type 1 tears are crescent-shaped and the tendon can usually be directly fixed to

the bone. Type 2 tears can be L- or U-shaped and are longer and require side-to-side repair

first, i.e., margin convergence, to reduce the tension on the repair construct (94). Type 3 are
massive contracted tears that are too large to be pulled towards the tendon-bone edge and

often require involvement of a graft patch to bridge the remaining defect (95).

Figure 1.8 Geometric classification of tendon tears: crescent-shaped (A), L-shaped (B), U-shaped (C) and massive (D). W =
width, L = length, IS = infraspinatus, SS = supraspinatus, Sub = subscapularis, RI = rotator interval, CHL = coracohumeral
ligament. Image adapted from Davidson and Burkhart (93).

The main goals of surgical repair are to restore function and mobility to the shoulder and
limiting pain. Repair of a massive rotator cuff tear is performed by inserting bone anchors
into the head of the humerus and reattaching the remaining tendon via sutures, also known as
a transosseous fixation. Briefly, the tear is identified and frayed tissue is removed to keep a
healthy cuff edge (debridement). Then, the edge of the tear is grasped and mobilised to its
normal position and the tendon is fixed to the bone using suture anchors (96). Rotator cuff
repair was first reported in the late 1800s but did not become mainstream until 1911 when the
American surgeon Codman first described a surgical technique to repair lesions of the
supraspinatus (97). Nowadays, a variety of techniques exist that can broadly be classified as

single-row, double-row and suture-bridge fixations, depending on the size of the tear (Figure
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1.9), with usually 1 cm of distance between anchors. The overarching aim is to restore the
tendon to its original footprint on the humerus without compromising the original tendon
anatomy (98-101). These repairs can be performed through arthroscopic or open repair and
although arthroscopy is associated with less complications and reduced time in hospital, there
is no difference in postoperative outcome between them (/2). However, arthroscopic repairs
have been reported to cost £675 more than open repairs, mainly due to costs of surgical

consumables (102).

(e

Figure 1.9 Rotator cuff repair using a single-row (A), double-row (B) and suture-bridge (C) method. Image adapted from
Bedeir et al (103).

To maximise the strength of the repair construct it has been suggested that it should be spread
out over a larger area (99) to increase the ultimate load to failure (/04) and the contact
pressure of tendon to bone (/05), much like the fanning out of collagen fibrils in the
attachment of the enthesis, as described previously. An important caveat in footprint
restoration is not to overstretch the remaining tendon (/06). A retrospective study reviewing
90 patients undergoing full thickness supraspinatus tears found that tendons repaired under
tension had a significantly higher re-tear rate than those repaired without tension, but they did

not have significantly different outcomes, as measured by ROM and questionnaires relating
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to pain and function (/07). A considerable number of studies have therefore investigated
different repair techniques for optimal footprint coverage while preserving the remaining
tendon length and this remains a topic of debate. Although double row fixation seems to be
preferred because it has an increased load to failure, better contact and pressure with the
footprint area and less gap formation (/08), evidence is highly dependent on surgical
technique, tendon quality and material selection and has not been shown to be statistically
significant in outcomes compared to single row fixation (/08). Furthermore, it is important to
stress that these anchors are expensive and can add £149 in the UK and up to $1249 in the US
per anchor to the surgical costs involved in rotator cuff surgeries, which makes double-row or

even triple-row repairs quite cost-ineffective (109, 110).

1.4 Materials used in rotator cuff surgeries

1.4.1 Commercially available clinical sutures

Current sutures used in rotator cuff surgeries can broadly be classified into non-absorbable
(FiberWire), partly absorbable (OrthoCord) and completely absorbable (PDS, Ethicon Inc.)
(111, 112). There is no guideline for choosing a suture type, but guiding factors can include
the severity of the tear, the quality of the remaining tissue and most importantly, the patient
involved. As mentioned previously, there are a host of intrinsic and extrinsic factors that
contribute to the outcome of a rotator cuff injury and repair and the type of suture used is
therefore important to consider. Properties such as strength, ease of use and abrasiveness are
relevant to selecting the appropriate suture (//3). Braided and non-absorbable sutures such as
FiberWire and Ethibond are mostly preferred because of their strength and because they are
less likely to slip and cause anchors to displace compared to absorbable monofilament sutures
such as PDS (//4). Indeed, the type of suture used can be of considerable importance to the

biomechanical behaviour of the suture-tendon interface (/75), which remains one of the most
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common failure points in re-tears (/04, 115, 116), due to the mismatch of material properties
between a suture and a tendon. The use of high-strength materials, especially ultrahigh-
molecular-weight-polyethylene (UHMWPE) sutures has meant that suture breaking is less
likely to be the primary mode of failure but the flipside is that they can be more abrasive to
the surrounding soft tissues of the rotator cuft (//1, 117, 118). A comparison of braided
polyester sutures versus monofilament sutures in experimental set-ups has shown that the
former result in increased abrasion and cutting through the remaining tendon, especially for
the popular FiberWire suture manufactured by Arthrex, compared to not only smooth
monofilament sutures but also other UHMWPE containing equivalents such as OrthoCord,
FiberTape, Ethibond, UltraBraid and DynaCord (104, 116, 119-122). A major consideration
for non-absorbable sutures is their increased likelihood over time to generate an adverse
reaction from the body or to affect the surrounding tissues in a negative way. A non-
absorbable suture will be encapsulated by fibroblasts to form a fibrous capsule as part of the
foreign body reaction (FBR) (/23). The body attempts to degrade the fibrous capsule and, in
this process, attract a repertoire of cells, including macrophages and cytokines, that can
quickly devolve into an inflammatory response (/24). Absorbable synthetic sutures degrade
in a linearly over a period of weeks to months by enzymatic or hydrolytic degradation, so that
there is little formation of fibrous capsule and therefore no sustained FBR (723). See also
section 1.5.5. The perfect suture type would be easy to handle, strong and absorbable, losing
its tensile strength at the same rate that native tissue regains it, completely inert and elicit no
tissue reaction. Although we have come very close to this with modern sutures, there is not a

single type that fits all criteria, yet.
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1.4.2 Use of suture-anchors in rotator cuff surgeries

There are also a variety of commercially available suture anchors for rotator cuff repairs. A
suture anchor for rotator cuff repair must adhere to the following criteria: 1) secure fixation
of suture to the bone, 2) no migration during static or cyclic stresses, 3) easy to implant, 4)
have multiple sutures and 5) not cause adverse short- or long-term events, but the selection
depends mostly on surgeon experience and preference (/25). The anchor is inserted into the
bone with the sutures emerging through the eyelet (Figure 1.10). It can be made of a metal
(e.g., titanium, stainless steel, alloys), or a polymer (e.g., PEEK, PGA and PLA) and is
shaped like a screw (/26). Several modes of failure can be distinguished that range from
suture failure, eyelet breakage and migration of the anchor to improper distribution of load at
the various interfaces (/27). Biocomposite anchors consists of a biodegradable polymer and a
calcium phosphate mineral, most commonly B-tricalciumphosphate (B-TCP) or
hydroxyapatite (HA), and they have recently become more popular due to their increased

osteoconductive properties.

. Z//%/////////% suture

screw anchor

Figure 1.10 The basic concept of the screw-like suture-anchor. Image adapted from Chaudhry et al (127).

A novel type of anchor is the all-suture anchor, which as the name suggests, only consists of
sutures. They offer some advantages to the classic anchors in arthroscopic surgery and since

there 1s no solid component, there is less risk of migration and joint damage. Furthermore, it
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is smaller and therefore occupies less space in the bone. However, compared to ‘traditional’
anchors they have a decreased load to failure and show an increased total displacement (728§).
Nowadays, almost all anchors are made from non-metallic materials due to concerns in post-
operative imaging, difficulty in removing metallic anchors in revision surgeries and intra-
articular migration and associated damage (//2). Indeed, in a review evaluating the
complications associated with bioabsorbable suture anchors in the shoulder authors
concluded that the scarcity of literature relating to their question in combination with
thousands of bioabsorbable anchors implanted every year meant that they are a safe and
stable alternative to metallic anchors (/29). However, absence of evidence is not proof of
success, and it is not uncommon for these anchors to remain visible for up to two years after
surgery meaning that their degradation is slower than initially assumed (/30). Current
biodegradable anchors are mostly made of poly-lactic acid (PLLA) polymers (e.g.,
Corkscrew-FT anchor, Arthrex) that degrade slowly through hydrolysis over a period ranging
from 30 months to 5 years and complete resorption at 7 years (111, 131-133), depending on
its structure. This slow degradation is important, because the propensity of an inflammatory
response will depend on the rate of polymer breakdown into smaller monomers (/34). So, if
monomers are released slowly into their environment, the inflammatory cascade could be
more controlled and subdued. In a recent review, these types of suture anchors were found to

have a complication rate of only 0.5% due to eyelet breakage (/34).

1.4.3 Concluding remark

Modern medicine and engineering have made many advances in the development of sutures
and anchors possible. However, if the tendon does not heal or gets more damaged due to
surgery, then the particular material used is of little consequence. Indeed, the most likely
findings at revision surgeries of failed rotator cuff repairs are that the suture has cut through

the tendon (cheese-wiring), or new tears have formed medially to the original one (/35).
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Quality of the tendon itself and proper reduction of the tendon to footprint based on tear
pattern are also important to consider in addition to suture configuration and material choice
(136). The biomechanical properties of suture-tendon interfaces in torn and degenerated RCT
are significantly worse than in intact tendon (/37). Consequently, the suture-tendon interface
is the weak link where repair constructs most often fail, followed by the suture-anchor or
bone-anchor interface (99, 104, 115). The functional transition from tendon to bone therefore

remains the major challenge to overcome in the reconstruction of the rotator cuff tendon.

1.5 Tissue engineering in medicine

1.5.1 The introduction of tissue engineering

Tissue engineering (TE) is an interdisciplinary field that combines the life sciences with
engineering sciences for the regeneration or repair of tissues by use of cells and materials
(138). This field has existed for about forty years and has already made significant advances
in the medical field, especially in wound repair with progression to commercial products
(e.g., DermaGraft, GraftJacket, etc.). Other applications of tissue engineering are found in the
musculoskeletal, neurological, cardiovascular, and dental fields with products in the form of
cell-based therapies (e.g., growth factors, platelet rich plasma, stem cells, etc.), natural and
synthetic polymers (e.g., polylactic acid, silk, chitosan, etc.) or by use of biomaterials (e.g.,
scaffolds and bioreactors). According to Allied Analytics, the global tissue engineering
market was valued at $2,374 million in 2019 and is projected to reach $6,815 million by
2027, registering a compound annual growth rate of 14. 2% from 2020 to 2027. This
significant growth is attributed to a rise in chronic diseases as well as an increase in R&D
activities (/39). Most sales are generated by biomaterial-based companies (>99%, $10,000
million (/40). As of March 2018, 49 public companies currently exist that operate in the TE

market that have 66 clinical trials going or completed from 2011-2018 (0.21% of active
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clinical trials in the US), largely sponsored by industry (~77%). It is estimated, however, that
this rise in tissue engineering activities will be hindered by governmental regulatory bodies
(FDA, EMA, MHRA) and high treatment costs. Strict guidelines exist for tissue engineered
products to progress into the commercial markets. They either need to be approved to be
tested in a clinical trial or should be able to demonstrate a level of equivalence or superiority
to existing medical devices (/47). However, there is no standard route to take, as in the case
for pharmaceuticals in which randomised controlled trials are required, which makes this a
long and cumbersome process for any tissue engineered device, not to mention the costs
required to overcome these obstacles (/42). Although tissue-engineered research for
musculoskeletal applications has been steadily increasing it is clear from the small number of
FDA-approved products on the market currently that there is a gap between what is being
produced in laboratories and what is being manufactured for clinical use. The focus of this
thesis is on the use of FDA-approved polymers to design a biphasic scaffold intended for
rotator cuff applications. Scaffolds designed and intended for human tissue replacement and

regenerative purposes must adhere to a certain set of specifications (/43).

1.5.2 Biocompatibility and biodegradability

Biocompatibility refers to the ability of a cell-free scaffold to elicit a host response in a
biological system and is an assessment of potential harm to the human body after exposure
(144). Scaffolds should be non-toxic to their host environment and elicit a minimal or
negligible inflammatory or immunogenic response. Host cells should be able to migrate into
and attach onto the scaffold and be stimulated to proliferate and deposit extracellular matrix
to start repairing the native tissue. The defining characteristic of tissue engineered scaffolds is
that they are non-permanent and only serve as a temporary matrix. Degradation of the

scaffold is another component of biocompatibility and should be sufficiently tailored to the
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rate of new tissue growth. In addition, degradation products should not be harmful and must
be able to be metabolised or cleared by the body through other tracts. If an implanted scaffold
achieves normal tissue growth around it, with no adverse reaction, then biocompatibility has

been achieved (/44).

1.5.3 Biophysical properties

Tissues in the human body exhibit a wide range of biophysical properties, such as fibre
arrangement and orientation, and respond to biophysical cues such as stress, strain, and
stiffness (/45). Cells attach to proteins within the ECM (e.g. collagen, fibronectin and
laminin) through integrins, which link the cell cytoskeleton to specific cell binding sites
displayed by these proteins, see section 1.2.3). Integrins have an important role in
mechanotransduction between the cell and ECM through the cytoskeleton. To promote cell
adhesion and proliferation, a scaffold should be designed with similar topographical cues as
the ECM of the native tissue it is intended for, i.e. so that integrins can recognise binding
sites, while retaining its own form and function upon implantation (/46). Another important
property that dictates cell viability is porosity, i.e., the percentage of ‘empty’ space in a
scaffold, and pore geometry, i.e., the size and shape of the empty spaces. Large pore sizes
and a high porosity make cell migration and angiogenesis, and exchange of nutrients and
waste easier, whereas a larger surface area for cell attachment is achieved by smaller pore
sizes (146). The manufacturing process of a tissue engineered scaffold should be able to
transcend a research laboratory. It should be possible to upscale the fabrication of a single
unit to batch quantities to be used routinely and to become commercially available for
clinical settings. This also includes sterilisation, packaging, storage, and transportation.
Therefore, the cost-effectiveness of scaffold fabrication should be an important consideration

as well (/47)
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1.5.4 Cell-material interactions in rotator cuff repair

The success of a rotator cuff repair construct is wholly dependent on its interaction with the
surrounding tissue and the reaction of the body against it, especially when using augmenting
grafts or patches (134, 148, 149). As mentioned previously, the weakest link in the rotator
cuff repair is often the suture-tendon interface (/50). Since tendon tissue is known to have
poor regenerative capabilities (Section 1.2.3), a closer look at the interplay of suture material
and cell interaction has recently become more relevant because it can potentially cause early
repair failure (/57). An injury to tendon or muscle is invariably an injury to its cells and
ECM - the network of collagens, proteoglycans, elastin, and cell-binding glycoproteins that
are linked to form the structure of a tissue and determine its mechanical properties (/45).
When this matrix is damaged, the mechanics it is normally subject to will be insufficient and
will result in an inflammatory response cascading into degeneration and apoptosis (/52).
Fibroblasts attach to the ECM by transmembrane adhesion molecules known as integrins
(39). These proteins connect the cell cytoskeleton to the ECM and convey details from the
cell to the ECM and vice versa, also known as ‘outside-in’ and ‘inside-out’ signalling (/53,
154). The cell response to implanted materials is thus dictated by the communication of
biophysical information through the integrins and can be manipulated by changing the
structure and mechanical properties of the scaffold. Briefly, cell attachment happens in three
steps. First, when the migrating cell encounters the ECM, nascent adhesion occurs by integrin
ligand binding which recruits intracellular coupling proteins to form a focal adhesion
complex (/55). This complex matures into a focal adhesion by reorganising the actin
cytoskeleton into filament bundles known as stress fibres (/56), depending on appropriate
tension force and polymerisation of the actin filaments (/57). Finally, fibrillar adhesions are
pulled out and used to anchor the cell cytoskeleton to fibronectin fibres from the ECM, in a

process termed fibronectin fibrillogenesis (/58). In turn, fibronectin provides ligand binding
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sites other ECM proteins, such as collagens and proteoglycans, and other integrins (159,
160). Figure 1.11 gives a schematic overview of the cell attachment to ECM. Important to
note here is that tenocytes grow slowly and the inherent repair capabilities of tendon are poor
as well, so scaffolds function mostly to bridge the gap created by a tear or rupture and to re-
establish contact between neighbouring cells.
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Figure 1.11 Attachment of the migrating cell to the ECM (A) occurs when cell-adhesion biomolecules (e.g., integrins) bind
to ligands on the ECM which enables bidirectional communication (B). The cell is anchored by the formation of focal
adhesions and fibrillar adhesions that bind it to the fibronectin on ECM (C). Images A-B adapted from (/6/) and image C
from (162).

1.5.5 The response of cells to biomaterials

Once a scaffold is implanted into the human body it will be surrounded by blood and tissue
fluid, which will launch the ‘foreign body response’ (FBR). This serves three purposes: to
stop blood loss, prevent infection, start the wound healing process and protect the body
against the foreign material(/63). Within seconds of implantation, plasma proteins will be
adsorbed to the surface of the scaffold which will prompt a layer of host proteins to cover the
surface (/64). Then, inflammatory cells migrate to, and accumulate at, the interface between
the scaffold and surrounding tissue to form a fibrin clot (/65), which can convert to
granulation tissue in chronic inflammation. When this happens, monocytes, macrophages and
fibroblasts trigger angiogenesis, the formation of new blood vessels, by recruiting fibroblasts

to produce collagen and fibrotic tissue (/63). This is a typical wound healing response that
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will replace the granulation tissue with normal ECM components including collagen,
glycoproteins, and proteoglycans (/63). However, persistent inflammatory signals from the
implant can lead to a continuous activation of fibroblasts that will encapsulate it into a thick
collagenous fibrous construct and shield it off from the rest of the body (/63). This process
can be manipulated in favour of the ‘normal’ wound healing response rather than the fibrotic
response by changing the biophysical cues — i.e., microenvironment — of the scaffold. Indeed,
fibronectin fibrillogenesis is mediated by a specific conformation of the integrins to active
ligand-binding which is directly affected by the structure of its substrate (/66). A cell that is
seeded on a flat surface, i.e., two-dimensional (2D), will have integrin activation on one side
only and flatten along the surface, while cells in a three-dimensional (3D) environment will
have integrins activated around all its sides and they can therefore assume 3D characteristics
(Figure 1.12). Enhanced focal points with the substrate will also result in increased matrix
interaction and ECM production. The construction of a 3D scaffold can be achieved by

techniques such as 3D printing and electrospinning, which will be discussed in section 1.6.
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Figure 1.12 Response of cells to a 2D versus a 3D environment. Image reprinted from Larsen et al (/67) with permission
from Elsevier.

1.5.6 A brief segue into molecular biology and its application
One Chapter in this thesis is devoted to the biological response of cells seeded on electrospun
scaffolds and commercial sutures. I therefore think it necessary to briefly mention biological

concepts that might be familiar to the reader, and which form the basis of the methods used in
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Chapter 2. The biological blueprint that contains information on protein synthesis is stored in
deoxyribonucleic acid (DNA) inside the nucleus of a cell and consists of four nitrogen bases
(adenine, thymine, guanine, and cytosine) that are linked in chains to form strands (/68). The
information in a DNA molecule is read by enzymes that transcribe it into messenger
ribonucleic acid (mRNA), which leaves the cell nucleus is then translated into proteins by
ribosomes, which is a molecular complex of proteins. This conveyance of information from
DNA to RNA and proteins is unidirectional — except where viruses are concerned — and can
be highly variable and temporally regulated (/69). Since the information stored in DNA
generally does not change under normal circumstances (i.e., in the absence of abnormal and
harmful mutations), it is far more interesting to take a closer look at RNA when comparing
samples under different conditions. To understand more about how scaffolds can influence
cell behaviour, next-generation sequencing (NGS) has recently emerged to reveal the
transcriptome of a cell, i.e., the complete set of RNA transcripts produced by a genome, and
to identify genes that are differentially expressed between cells exposed to different
conditions (/70). This is important because RNA is the link between the genome and the
proteome — i.e., genetic information from a cell (contained in its DNA) is transcribed into
proteins through RNA. This knowledge is superior to the ubiquitous way of interpreting cell
behaviour on scaffolds by visualizing morphology, performing viability and toxicity assays
and histology. RNA sequencing (RNA-Seq) is a form of NGS that can sequence RNA rapidly
and at relatively low cost and is an increasingly widely employed measure for gene
expression. Although there is a wide variety of different protocols available, the general steps
involve extraction of RNA from experimental samples, reverse transcription of RNA into
complementary DNA (cDNA), attaching synthetic oligonucleotides to the ends of cDNA
fragments (adapter ligation), amplification and sequencing (/70). These steps are discussed in

more detail in the Methods section of Chapter 3. So far, studies on the transcript level for
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cells on electrospun scaffolds have been limited. The first such study evaluated the response
of murine fibroblasts seeded on electrospun aligned fibres and used a microarray assay to
show an increase in the production of actin and focal adhesion related genes (/717). Two
studies have evaluated the response of human tendon fibroblasts on electrospun PDO
filaments and compared these to cells seeded on commercial sutures using RNA-Seq,
whereby it was confirmed that the activation of tendon-derived fibroblasts is influenced by
the orientation and diameter of the fibres (/72, 173). It was also concluded that tendon-
derived stromal cells showed a transcriptomic response indicating cell proliferation and
wound healing(/73). Studies using RNA-Seq involving electrospun scaffolds for skin wound
healing purposes, vascular regeneration, retinal diseases have also seen positive results for
aligned electrospun fibers (/74-177). However, RNA-Seq has not yet been widely applied to
the cell response on biomaterials, see Chapter 3.6 for an overview of previous genomic

analysis of tendon cell pathways related to biomaterials.

1.6 Tissue engineering for musculoskeletal applications

Most tissue engineered scaffolds concern one type of tissue (e.g., cartilage, bone, or tendon).
Tissues that are complex in nature (i.e. the enthesis) are much harder to replicate and
although fundamental research and understanding on the enthesis has steadily increased over
the years, little has been done to develop scaffolds that are designed to improve its repair and
regeneration (/78). Commercial scaffolds for supraspinatus tendon repairs have a well-
established use in clinical settings. These can be synthetic, e.g. Mersilene (polyethylene
terephthalate), or biological, e.g. GraftJacket (human dermis), and can be roughly classified
into two types: the overlay and the inter-positional graft. The former is positioned over the
remains of the tendon whereas the latter is placed between the tendon and its attachment to

the bone (/48). Although they are used frequently in rotator cuff repairs common problems
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are their inferior mechanical abilities compared to native rotator cuff tendons and non-
compliance with the surrounding tissue (/78). Their re-tear rates are slightly better than for
conventional repair remain quite high still. Novel scaffolds are mostly created with the aim of
providing a biologically friendly environment for tissue healing but consistently fail in proper
mechanical support as well (179, 180). There are scaffolds that do progress to clinical trials
that are similar in properties to commercial grafts, but they do not amend rotator cuff tears
well enough to be considered a valid alternative (/87). Table 1.1 gives an overview of
materials currently used as scaffolds for musculoskeletal purposes including their advantages
and disadvantages. The proposed scaffold in this thesis will be composed of synthetic
polymers that have been evaluated for cell attachment and toxicity specifically in the context
of rotator cuff repairs, see Section 1.6.4 and 1.6.5. The main advantage of synthetic materials
is that they are easy to reproduce and to be used for scale up productions as well, limiting
manufacturing costs as compared to other materials. Synthetic materials also lend themselves
well to alterations to facilitate cell attachment and growth. For example, PCL can be easily

mixed with calcium phosphates for bone regeneration applications.

Table 1.1 Common materials used in tissue-engineered scaffolds for musculoskeletal purposes (/46)

Material Example Advantages Disadvantages
Natural Proteins or polysaccharides Biocompatible and Heterogeneity, difficulty
occurring in animals or plants, e.g., | biodegradable extracting, poor mechanical
silk, alginate, collagen properties
Synthetic Polyesters, e.g., PLA, PCL, PDO Cheap, biocompatible, Poor cell attachment,
easy to fine-tune, reliable | possible toxic degradation
and reproducible products
Xenograft Mammalian decellularised ECM Cell attachment Process is difficult and can
alter biomechanical
properties, low cell
infiltration
Ceramic B-TCP or HA Biocompatible and Poor mechanical properties
osteoconductive
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Metals Titanium, stainless steel, cobalt Superior mechanical Not suitable for new tissue
alloys properties growth, possible harmful
by-products
Composites | Combination of above materials Able to mimic complex | Difficult to fabricate and
native tissues keep consistent properties
of respective materials

1.6.1 Advances in the design of multiphasic scaffolds

As discussed in the previous section, the attachment of tendon to bone is a complex interplay
for different tissues cohesively termed the enthesis. Several studies have investigated the
potential of electrospun scaffolds by using varying degrees of alignment and mineralisation
to mimic the enthesis, and incorporating drugs and nanoparticles, which have been described
at length in an excellent review by Sensini et al (/82), and of which a few examples are
relevant to this thesis. A multiphasic scaffold consisting of a knitted PGA sheet (Phase A),
PLGA microspheres (Phase B) and PLGA-bioglass microspheres (Phase C) was
manufactured for the junction of anterior cruciate ligament (ACL) to bone with a tri-culture
of fibroblasts, chondrocytes and osteoblasts on the respective phases (/83). The authors
found that their construct supported heterotypic cellular interactions in vivo and resulted in
the formation of continuous but distinct regions. A scaffold consisting of two different pore
alignments (anisotropic and isotropic) was manufactured using silk fibroin, by directional
freezing, freeze-drying and salt leaching, to which seeded cells expressed different markers
related to tendon/ligament, enthesis and cartilage markers (/84). Pore alignment is important
for cell alignment, especially when seeding different types such as tenocytes (anisotropic)
and osteocytes (isotropic). Silk was also used to create a hybrid scaffold consisting of aligned
electrospun silk fibers and a knitted fibrous mesh to induce fibroblastic differentiation of
MSCs (185). A real break-through in tissue engineered scaffolds was introduced by Criscenti
et al who developed a triphasic scaffold for bone-ligament reconstruction by electrospinning

PLGA on top of a 3D printed PCL scaffold, separated by a paper foil to create three different
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regions (/86). Sooriyaarachchi et al (/87) also fabricated a hybrid scaffold by embedding a
layer of electrospun PCL between two 3D printed PLA frames to mimic the native meniscus
extracelluar matrix. Two approaches of combining electrospinning and 3D printing have
since been described in the literature: a layer-by-layer deposition of 3D printed materials and
electrospun nanofibers and 3D printing with material that includes electrospun filaments
(188). For example, Yu et al made electrospun PCL/gelatin nanofibers and dispersed these
into the meshes of a 3D printed PCL scaffold to create a composite scaffold for bone tissue
engineering (/89). However, despite the many advances and encouraging outcomes in
musculoskeletal tissue engineering, there is still much to improve on. Thus far, no scaffold
has been able to fully reach the complex hierarchical structures of the enthesis, and in fact
most of the focus is on the tendon side, rather than the bone side (/82). The advantage of a
combination of approaches to create multiphasic scaffolds is that it considers tissues
consisting of multiple phases, e.g. the enthesis. The disadvantage is that it is a more complex
endeavour where there is more room for error when managing different manufacturing
approaches. Furthermore, mechanical properties of tissue-engineered scaffolds do not
approximate that of current native tissues either and are a long way from being clinically
relevant (/90). Indeed, current tissue-engineered scaffolds have not progressed from animal
testing and although we have developed a sound understanding of the biology of the enthesis,
there is little focus on the mechanical characterisation of scaffolds that transcends to
clinically appropriate values. Animal models are frequently used to test scaffolds and
evaluate biocompatibility, histology and mechanical properties and are a good choice for
understanding tissues on a cellular and molecular basis but are not always sufficient to
translate to human use (/97). Accepted animal models currently consist of quadrupeds,
whose biomechanics cannot be directly extrapolated to match musculoskeletal behaviour in

humans (/97) and inducing a tendon injury in a healthy animal will be different to the human
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pathophysiology. Acute and chronic injury models in animals exist and have been accepted
by the scientific community, but they cannot truly replicate traumatic and degenerative
tendon conditions in humans (/92). However, validated animal models are currently the most
relevant method to safely assess novel scaffolds intended for human tendon repair. In
contrast, there is a plethora of human cadaver studies investigating native tendon mechanical
values for the purpose of evaluating commercial sutures, suture anchors and repair
techniques, which could also be translated to tissue engineered scaffolds. There is a pressing
need to progress beyond simple histologic and mechanical testing in animals and there should
be more efforts into paralleling human outcome measures deemed successful to progress

beyond basic science (/93).

1.6.2 3D printing in tissue engineering

Charles Hull was among the first to describe and patent 3D printing in 1986, introducing it as
stereolithography (/94). Briefly, using this method, a 3D object can be generated by printing
layers on top of each other in succession and curing it using ultraviolet light. Sachs et al
developed it further with the motivation of reducing the time needed to create and test
prototypes of new products to bring to the market (/95). Since then, several other forms of
3D printing have been described involving natural polymers (e.g., silk, cellulose, chitosan),
synthetic polymers (e.g., polyethylene, polyester, epoxy) or a blend of both. Natural polymers
can be extracted from plants, animals, and microorganisms, which makes them a renewable
resource. This also means a high probability of batch-to-batch variation for large-scale
manufacturing processes, however (/96). Furthermore, extraction and processing of these
polymers can alter their properties negatively, for example, when exposed to heat. In
addition, their poor mechanical properties make them an unsuitable candidate for hard tissue
engineering, and it is difficult to control their degradation (/43). Synthetic polymers, on the

other hand, can be easily tuned for their mechanical properties and degradation kinetics and
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can be reproduced quite reliably (/97). They have become increasingly popular in tissue
engineering due to this and have been used in a variety of 3D printing technologies. The
simplest and most common method of 3D printing, however, is fused deposition modelling
(FDM). Briefly, this involves creating an object using any kind of designing software, i.e.,
computer-aided design (CAD). This CAD is then translated into a ‘G-code’, which gives
instructions to the 3D printer on movement and action. A (synthetic) polymer is used as raw
material, i.e., the filament, and is wound onto a spool. Motors move the spool forward
continuously to feed the polymer into the extrusion head where it is heated until it melts. The
liquefied filament is then extruded through the nozzle and deposited onto a building platform
where it solidifies into shape. This happens on a layer-by-layer basis. The nozzle head can
move in three directions (XYZ) to allow for three degrees of freedom, as specified by the G-
code. Figure 1.13 gives a simplified overview of this process. No other steps are involved in
the creation of the object, except removing support material if needed. This makes FDM by
far the easiest and most tunable 3D printing option in tissue engineering. It has been used for
tissue engineered scaffolds in many applications, citing its high reproducibility and ease of
tunability as the main advantage, especially with the eye on personalized implants (/98).
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Figure 1.13 A schematic of the FDM process. Image adapted from Stansbury and Idacavage (199).
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The most commonly used polymers include PCL and PLA because they are cheap, easily
available and have a low melting point which does not require post-processing for
crosslinking (/88). However, since these are quite hydrophobic polymers, focus has shifted
towards the use of materials that are more hydrophilic and contain bioactive compounds. 3D
bioprinting, also known as organ printing, is a more complex method of additive
manufacturing in which units of cells and biomaterials are deposited to form tissue-like
structures (200). The use of multiple nozzle heads can generate complicated structures
involving multiple cell types and different biomaterials and PCL is a frequently used polymer
(201). Advances have been made in the construction of 3D printed scaffolds for bone,
muscle, tendon, and ligament tissues but very few have looked at the respective interfaces,
predominantly citing the challenge of replicating its microenvironment and its relative
complexity compared to other, well-developed techniques (201). Other popular 3D printing
methods in tissue engineering include stereolithography, which requires the use of a liquid
resin bath, and selective laser sintering that is powder-based and requires additional post-

processing steps to remove excess powder (202).

1.6.3 3D printing of polycaprolactone

FDM is used solely with thermoplastic materials. This is a class of polymers that soften when
heated above their glass transition temperature and which can be indefinitely reversed into a
solid state by cooling (203). A popular polymer that is widely used in bone tissue engineering
is polycaprolactone (PCL). This is hydrophobic, semi-crystalline polymer that is synthesized
by either condensing 6-hydroxyhexanoic acid or ring-opening polymerisation of € —
caprolactone using a catalyst (Figure 1.14), which is the preferred route because it produces a
higher quality polymer (204). It is also relatively cheap and easy to synthesize this polymer

compared to others (204). Another advantage is its low melting temperature of between 59-
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64 °C (205). This means that at physiological temperatures, it is quite rubbery and has high
toughness and strength. PCL has been classed as a biodegradable polyester and is the slowest
polyester to degrade, with degradation occurring over a period of months to years —
depending on its molecular weight and crystallinity. It breaks down by the cleaving of ester
bonds through chain scission, resulting in a loss of mass (206). The term biodegradable and
bioabsorbable or -resorbable have been used interchangeably in the wider research
community but refer to two separate things. Firstly, biodegradable is used in the earth
sciences to refer to ‘ecological polymers’ created for packaging purposes that aim to reduce
plastic waste and therefore degrade in natural environments in the presence of, for example,
microorganisms, sunlight, or rainfall (e.g., the ocean, forest, mountains etc.). Secondly,
bioabsorbable or -resorbable refers to polymers that are intended for implantation in humans
and thus degrade within the human body, for example, by enzymes (e.g., sutures, meshes,
bone anchors). However, both terms describe the breakdown of a polymer to the point where
no trace is left in its original environment, irrespective of degradation process, and either
term could therefore be used (207). Throughout this thesis, both terms are used
interchangeably as well. PCL is biodegradable because it can be broken down by
microorganisms in natural environments (206) but is mostly referred to as bioabsorbable
when used for medical purposes, because it degrades by hydrolysis, i.e., contact with an
aqueous solution, and not by enzymatic activity since there are no suitable enzymes to break
down PCL within the body (208). Bioabsorption of PCL takes much longer than
biodegradation, however, because the hydrolytic reaction needs to be instigated first. The
degradation occurs by surface or bulk degradation. When the rate of water penetrating the
polymer is slower than chain scission of the polymer backbone, we speak of surface erosion
(209) and this is a predictable process which makes it a promising candidate for drug delivery

vehicles because the release rate of a drug can be controlled (270). Bulk degradation starts
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when the surface has eroded and water can intrude into the polymer, initiating hydrolysis
throughout the entire matrix and a decrease in molecular weight, see Figure 1.15. The
degradation of PCL results in non-toxic by-products, composed mainly of capronic acid, that
are excreted normally (2717, 212). PCL is a slowly degrading polyester and depending on the
geometry and thickness of the scaffold it can take up to a few years for it to be completely

degraded.
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Figure 1.14 Synthesis of polycaprolactone by ring-opening polymerisation or polycondensation. Image reprinted from
Bartnikowski et al (206) with permission from Elsevier.
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Figure 1.15 Surface and bulk degradation of polycaprolactone over time. Image adapted from Woodruff and Hutmacher
(209).

However, PCL is quite hydrophobic in nature making cell attachment difficult, and although
it is a biocompatible polymer with a slow degradation rate, it is not bioactive and does not
have osteoconductive properties. It also does not mimic native bone ECM and has inferior

mechanical properties compared to native bone (2/3). However, considerable success has
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been achieved to improve its properties by blending it with other compounds, such as
hydroxyapatite (HA), a naturally occurring mineral comprising most of the inorganic bone
matrix, and B-tricalcium phosphate (B-TCP), a bioceramic that is widely used as bone graft
substitutes since its resorption is readily replaced by new bone (2/4). Indeed, the
incorporation of HA and B-TCP into PCL has been reported to result in mechanical and
biological properties approaching that of native bone tissue (213, 215, 216). Furthermore,
PCL has a good ability to bear load and compression due to its crystallization structure (217-
220) and is easily fine-tuned during 3D printing to achieve highly porous scaffolds for cell
ingrowth and proliferation (221, 222). PCL also has superior rheological and viscoelastic
properties compared to other polymers, which makes it very simple to manipulate and use for
the manufacturing of scaffolds on a larger scale (209). It is especially attractive because it is
easily enhanced by adding functional groups to it that could improve its hydrophobicity,
bioactivity and biocompatibility (209). In fact, the versatility of PCL is such that is has been
used for a wide variety of biomedical applications as well. Due to its excellent blending
abilities with other compounds and degradation profile, it has been investigated as a drug
delivery system as an alternative to traditional methods including oral administration and
intravenous injection which are hindered by a short rise in drug concentration in the blood
and need repeated intake. A few examples of using a slow biodegradable polymer as PCL as
a drug delivery system include the delivery of vancomycin (an antibiotic) in the treatment of
chronic osteomyelitis (223), the release of prostaglandins from an intraocular PCL film to
treat glaucoma (224), and the release of hormones in a long-term contraceptive implant (225).
A sub-dermal contraceptive implant (Capronor) was already patented in 1979 and consisted
of a PCL rod that releases the hormone levonorgestrel over a period of 12 months. The
degradability of the device was a promising concept because it did not require retrieval of the

implant after insertion. It progressed to a Phase I randomized clinical trial but was
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unfortunately discontinued due to minor complications (local skin irritation, most likely due

to manufacturing residue) and funding problems (226).

1.6.4 Clinical use of polycaprolactone

PCL was first cleared by the FDA in 2006 as a bone void filler in craniofacial applications,
commercialized as OsteoPore (227) and since then, has been implanted in over 20,000
patients globally (228). PCL is currently being investigated in reconstructive surgeries as
well, notably in the oral and maxillofacial fields. A novel design of a 3D printed PCL/ 3-TCP
scaffold was introduced for the repair of a critical-sized defect in a canine mandible with
favourable results 12 weeks post implantation (229). A 3D printed PCL/ B-TCP combination
was also successfully used in cranioplasty for patients with deformed skulls (276),
reconstruction for complex zygomatico-maxillary defects (230), and as a 3D printed mesh in
rhinoplasty (231). 3D printed PCL has already progressed into a variety of other medical
procedures as well. It has become a popular polymer in clinical cosmetology and is involved
in dermal filler applications due to its collagen-stimulating abilities (232). A case-report
concerning a female patient suffering from a structural deformity of the sternum and rib cage
(pectus excavatum) details how this was reconstructed using a tissue-engineered scaffold
(233). The scaffold was 3D printed and made from a medical grade polycaprolactone and
highly porous so it could be filled with an autologous fat graft during surgery.

The first clinical series using 3D printed medical-grade PCL-TCP scaffolds for novel bone
replacement were reported in 2022 (234). It involved four patients with large bone defects in
the range of 2564-149,285 cm’ in the tibia, skull and mandible and positive outcomes in the
follow-up postoperatively. PCL has also been used to successfully fabricate and implant
airway stents in infants born with a disorder causing collapse of the airway during respiration

(tracheobronchomalacia), with positive results at 11-, 14-, and 38-months’ follow-up for the
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three children involved (235). All these cases followed a similar simple workflow of

obtaining the patient’s medical imaging, segmenting it and creating the desired 3D model.

1.6.5 Polydioxanone in a new form

Another interesting polymer that has been used in clinical settings for over forty years, is
polydioxanone (PDO), which was specifically developed as a wound closure suture in the
1980s and is marketed as PDS/PDSII in the US by Ethicon Inc (236, 237). It also has a use as
orthopaedic pins and is on the market as OrthoSorb by Johnson & Johnson International. It is
synthesized by ring-opening the monomer paradioxanone (p-dioxanone) using heat and a

catalyst (Figure 1.16), and for current use as suture is extruded as a monofilament.
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0 n

heat
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Figure 1.16 The synthesis of PDO using a catalyst and heat. Image reprinted from Boland et al (236) with permission from

Elsevier.

PDO is also a biodegradable polymer and degrades through similar mechanisms as
biodegradable polyesters, by hydrolysis and chain scission. Degradation by-products are non-
toxic and excreted mostly via the respiratory tract and partly by the alimentary tract (238).
The absorption of PDS sutures is stated by the manufacturer to take between 182-238 days,
and was reported to result in a loss of 67% of tensile strength after about three weeks of in
vitro culture (239). PDO has gained new interest in the tissue engineering field because its
mechanical properties are similar to those of collagen and elastin, which are two major

structural components in soft tissues, such as blood vessels (236, 240).
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1.6.6 Electrospinning PDO for tendon tissue engineering

The advantage of a polymeric fibrous construct is that the mechanical properties and
degradation kinetics can be altered by tailoring its microstructure (241/). Textile techniques
such as braiding, twisting, weaving and knitting have long been used in medical applications
(e.g. sutures, grafts) to improve mechanical parameters and consequently have also been
adopted in the fabrication of scaffolds for tissue engineering applications (242). Important
parameters involved in the design of tissue engineered scaffolds based on fibre structures are
the fibre diameter, alignment, cross-sectional area and spacing between fibres (243). Among
different technologies to produce fibre-based scaffold, electrospinning has become one of the
most successful methods to be used. Electrospinning dates back to the 1600s (244), though
recently, efforts are attributed to Anton Formhals, who patented several parts of the process
in the late 1930s (245). The basic concept of electrospinning has not changed much over the
centuries, however. Briefly, it is a process in which micro- and nanoscale fibres can be
produced from a polymer solution using electrical charge. A syringe containing the polymer
solution and a needle is inserted into a syringe pump which deposits directly onto a metal
collector that is connected to a high voltage power supply. The electrical potential increases
the surface tension of the polymer solution at the tip of the needle and allows it to form a
conical drop, known as the ‘Taylor cone’ (246). As more electrical charge is applied, the
surface tension is overcome, and the polymer is drawn out in a jet that settles on the metal
collector. The diameter of the resulting fibres can be tuned by changing the polymer,
electrical field, flow rate of the polymer, distance between the needle and the tip or the type
of collector device used (247). A schematic of the basic electrospinning set-up is presented in
Figure 1.17 (246) including the many variables that can be altered, relating to the
environment, polymer solution and electrospinning set-up (246). Electrospinning is cheap,

simple, easy to adjust and easy to scale-up (248). One of the major advantages of
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electrospinning in tissue engineering is its ability to create constructs with a high surface-to-
volume area, high level of porosity and microporous structure (242). Fibrous constructs can
be created as single filaments (1D), nanofibrous mats (2D) or 3D scaffolds by stacking fibres
in a layer-by-layer fashion (249). The latter is the most popular choice as it has better
mechanical properties and can support cell adhesion and proliferation similar to native ECM

(Figure 1.18) (250).
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Figure 1.17 The basic electrospinning set-up includes a syringe with a polymeric solution that is deposited through a needle
onto a metal collecter, attached to a high voltage system. Many different parameters in this set-up can be altered. Image
reprinted from Long et al (246) with permission from Elsevier.
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Figure 1.18 Orientation of cells in 1D, 2D and 3D fibre matrices. Image adapted from Jenkins and Little (251).

54



Introduction

Fibronectin )
. Tenascins

|

Collagen

Laminin

S

" o o | | g
~

Figure 1.19 The structure of various fibrous proteins that are important for ECM maintenance. Image adapted from Jenkins
and Little (257).
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Tunable electrospinning parameters for a successful cellular response include fibre diameter
and alignment, which was further highlighted in a recent review by Jenkins et al (251, 252).
The ECM consists of mainly fibrous proteins — meaning they have polypeptide chains
organized in parallel along an axis, thereby producing long fibres (253), including collagens,
glycoproteins (e.g., fibronectin and tenascin-C), elastin and laminins (Figure 1.19) (251),
which are thus responsive to scaffolds that have a similar architecture. Indeed, fibre
alignment as contact guidance has shown a positive regulation of cell behaviour in
electrospun scaffolds for anterior cruciate ligament, with significantly more collagen
deposition and cells with a spindle-shaped morphology and oriented in the direction of the
fibres (254). It has also been shown to positively direct cells towards muscle and tendon
lineages (255-257). In combination with mechanical stimulation, mesenchymal stem cells
seeded on aligned electrospun nanofibers have also been successfully guided to differentiate
into ligament fibroblast-like cells (258). Different kinds of synthetic polymer are currently
used in electrospinning for tissue engineered applications, including PLA, PCL and PDO.
Boland et al were the first to use PDO for electrospinning. They dissolved commercial PDS
sutures in 1,1,1,3,3,3-hexafluro-2-propanol (HFIP) and electrospun it into nanofibrous
structures to control their fibre diameter and orientation and thus improve their mechanical

properties and potential for cell attachment (236). Recently, PDO was investigated as an
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electrospun patch for tendon cell adhesion and the potential for rotator cuff applications,
showing promising results (259). The difference in response between diseased and healthy
tenocytes was also evaluated on these scaffolds and it was found that both responded
positively and showed similar morphologies after seven days in culture medium(260).
Consequently, a woven and electrospun PDO/PCL patch was evaluated in a sheep tendon
injury model to evaluate whether it could induce a positive endogenous fibroblast response
(261). Results were encouraging and tendon healing was enabled without a prolonged local
or foreign body response. However, the inherent mechanical properties of electrospun
filaments remain quite low (262) and inspiration has been drawn from textile industry to
improve these (263). Braiding electrospun filaments into multifilament yarns have shown
mechanical properties similar to native tendons and has been shown to induce differentiation
of human MSCs into tenogenic phenotypes, i.e. an elongated cell shape with expression of
key tenogenic biomarkers such as scleraxis and tenomodulin, but without expression of
chondrogenic, osteogenic or adipogenic markers (264-267). More recently, Calejo et al
manufactured PCL/gelatin and PCL/gelatin/HA particles microfibers and knitted them
together to create a 3D fibrous scaffold with continuous topographical and compositional
mineral gradient (268). Indeed, manufacturing continuous electrospun PDO filaments has
resulted in upscaling its production by using industrial braiding machines, which could lead

to significant advances in electrospun filaments for medical use (269, 270).

1.7 Summary

This Chapter provided the context to the work performed in this thesis. Rotator cuff injuries
are a significant problem for the patient and place a major burden on healthcare and society
due to insufficient repairs leading to pain and disability. This is expected to become worse

with an aging and more active population. The structure and function of the rotator cuff was
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introduced from macro- to micro level to illustrate the complexity of the hierarchical
structure that makes up the tendon and its attachment to bone (enthesis). A disruption in this
structure is difficult to adequately repair and poses an unmet clinical need. Tissue engineered
biomaterials were introduced as an alternative to currently available suture anchors used in
rotator cuff surgeries, because they have the potential to actively influence and support
resident cell populations in the healing of native tissues. Electrospinning and 3D printing are
particularly interesting because of their ability to use clinically approved polymers to produce
constructs with properties similar to tendon and bone. This will form the basis of the methods

used in this thesis.

1.8 Thesis aim and hypotheses

The main aim of this thesis is to manufacture a scaffold consisting of a hard (3D printed)- and

soft (electrospun) phase that is based on the enthesis anatomy.

The objectives are as follows:

1. Continuous electrospun filaments will be pre-assembled into bundles and combined
with 3D printed material by inserting them during the 3D printing process. The
number of inserted filaments will be scaled up to increase the overall tensile strength.

2. Fibroblasts will be seeded on electrospun filaments and a commercial competitor and
next-generation sequencing will be used to analyse differentially expressed genes
between them.

3. A literature study will be conducted to set the dimensions of the 3D printed block in

collaboration with a medical manufacturer, using anonymised medical imaging.

The hypotheses are as follows:
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The fabrication and scale-up of soft-hard constructs is possible by combining
electrospun polydioxanone filaments within 3D-printed polycaprolactone blocks. This
construct will reach a threshold of mechanical strength that is clinically relevant.
Fibroblasts will attach and proliferate more on electrospun filaments than on their
commercial competitor (FiberWire), which does not involve submicron physical cues.
The former will promote fibroblasts to elongate along the filaments and express genes
related to proliferation and differentiation.

The 3D printed hard part of the biphasic construct can be shaped to fit the specific
anatomical location of the supraspinatus footprint on the humerus and can be inserted

and fixated using existing surgical equipment.
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Chapter 2 Manufacture of soft-hard scaffolds

2.1 Abstract

Rotator cuff tendon tears are common injuries of the musculoskeletal system that often
require surgical repair. However, re-tearing following repair is a significant clinical problem,
with a failure rate of up to 40%, notably at the transition from bone to tendon. The
development of biphasic materials consisting of soft and hard components, which can mimic
this interface, is therefore promising. Here, we propose a simple manufacturing approach that
combines electrospun filaments and 3D printing to achieve scaffolds made of a soft
polydioxanone cuff embedded in a porous polycaprolactone block. The insertion area of the
cuff was based on the supraspinatus tendon footprint and the size of the cuff was scaled up
from 9 to 270 electrospun filaments to reach a clinically relevant strength of 227N on
average. Our biological evaluation showed that the biphasic scaffold components were non-
cytotoxic, and that human fibroblasts and osteoblast-like cells could be grown on the cuff and
block, respectively. Overall, these results indicate that combining electrospinning and 3D
printing is a feasible and promising approach to create soft-to-hard biphasic scaffolds that

could improve the outcomes of rotator cuff repair.
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2.2 Introduction

In the musculoskeletal system one of the most common injuries are rotator cuff tendon tears
(RCT) of the shoulder, contributing to 30-70% of all cases of shoulder pain (271). Surgical
repair failures, i.e. re-rupture, occur mostly at the enthesis, which has an important role in the
transmission of mechanical forces during motion (/04, 271-274). Other reported failure
mechanisms are anchor pull-out, eyelet breakage, suture breakage or tendon pulling through
sutures (cheese-wiring) (104, 275, 276). Recent focus within the biomaterials field has aimed
to produce implants that mimic the soft-hard tissue transition seen in the native enthesis (44,
277). There has been an increasing interest in using electrospinning and 3D printing
technologies to achieve this (278). In terms of materials, polycaprolactone (PCL) and
polydioxanone (PDO) have been extensively used with both technologies because of their
appealing degradable properties, both polymers are degraded by hydrolysis and are
metabolised in the body, and track record of safety in patients (205, 279, 280). Combining
electrospun (ES) and 3D printed (3DP) materials provides an exciting opportunity to engineer
biomaterials for multiphasic tissues, such as the enthesis (/84). So far, it has led to constructs
for neuronal cell growth (281), bone tissue engineering (282), cartilage tissue engineering (283)
and cranial defects (284). A variety of methods have been used which mostly involved 3D
printing on top of pre-spun fibres or electrospinning on 3DP structures(283, 285, 286).
However, none of these methods have been used to design soft-hard implants with a biphasic
configuration that mimics the tendon-bone junction. This is mainly because the enthesis is
particularly challenging to address as it is exposed to high forces (152.6 - 779.2 N (178, 287-
290)), and high stresses (11-22 MPa (287-289)) during movement of the arm, while ES
materials are typically relatively weak (291). Currently, a combined electrospun and 3D printed

scaffold does not exist for clinical use.
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Here, we propose a new strategy to combine 3D printing and electrospinning and create robust

soft-hard structures for potential as rotator cuff repair implants. Our strategy consists of

embedding a soft cuff made of ES filaments during the 3D printing of a hard base. In this study

we investigate the use of PCL and PDO polymers and the effect of filament configuration on

the mechanical properties of the cuff material. We also explore the impact of increasing the

size of the cuff to reach clinically relevant mechanical strengths. Finally, we perform cell-based

assays to assess the potential of the ES-3DP biphasic implant as a medical device.

The specific Chapter objectives are as follows:

I.

To electrospin continuous PDO and PCL filaments and 3D print PCL on top of them to
create the biphasic scaffold.

To evaluate the mechanical properties of the scaffold by subjecting it to uniaxial tensile
load and thermal analysis.

To assess the biological activity and cytotoxic properties by seeding cells on the
electrospun soft cuff and the 3D printed hard cuff, separately.

To scale up the potential of the biphasic scaffold by increasing the number of

electrospun filaments that can fit in the 3D printed block.

The hypotheses are:

1.

It is possible to combine electrospinning and 3D printing to create a biphasic scaffold
that does not require additional post-processing steps, whereby electrospun filaments
within the block will be able to maintain their integrity.

Cells will be able to attach to and proliferate on the two components of the biphasic
scaffold and it will not be a cytotoxic environment.

It will be possible to increase the number of filaments within the 3D printed block to

reach a clinically relevant threshold force.

61



Manufacture of soft-hard scaffolds

2.3 Materials and methods

2.3.1 Preparation of polymer solution

PDO (Riverpoint Medical, USA) and PCL (Ashland Specialities Ireland, Laboratory A,
Synergy Centre, Institute of Technology Tallaght, Ireland) granules were dissolved into
1,1,1,3,3,3-hexafluoroisopropanol (HFIP, Apollo Scientific Limited, UK) at concentrations of
7% and 17%, respectively (weight-to-volume ratios), based on optimization work performed
previously(292, 293). Pyridine (EMSURE ACS, Germany) was added to the PDO solution at
1 ppm prior to spinning as described in previous work (292). The polymer solutions were put
on a roller for at least 72 hours at room temperature to ensure all granules were dissolved.
Concentrations were selected based on optimization work previously carried out with the goal

of creating submicron fibres that displayed no beading (270).

2.3.2 Electrospinning of filaments

The filaments were produced from the polymer solutions as described previously (270).
Briefly, electrospinning was performed with a single nozzle electrospinning setup and a wire
collector (100um in diameter, Goodfellow, Huntingdon, UK) using a high voltage power
supply system (30 kV, SL30P30/230, Spellman, West Sussex, UK) and a syringe pump (World
Precision Instruments Limited, Florida, US). The metal wire was cleaned three times with 70%
ethanol prior to use and was moving linearly at 0.5 mm/s during electrospinning. The solutions
were spun with a voltage of 7.0-9.0 kV and were deposited onto the wire using a static nozzle.
The material flow rate was 1 mL/h, spinning at a room temperature of 21°C and 30% humidity.
Following the exit of the metal wire (coated with the PCL material) from the glove box, the
electrospun fibrous mesh was detached as a continuous filament and placed on a separate spool.
The filament spool was removed at the end of the process and stored in a desiccator prior to

stretching.

62



Manufacture of soft-hard scaffolds

2.3.3 Preparation of electrospun (ES) filaments

After electrospinning, the filaments were manually stretched in a clean environment and at
room temperature, at a ratio of about 1:3 and 1:7, respectively for PDO and PCL. This was
done to prevent plastic deformation during further use, as well as to increase the strength of the
fibres, reduce the fibre diameter and align the microfibers (270, 279, 294). The ends of the
electrospun filaments were tied together whenever a break occurred to keep its continuity. They

were wound on a spool and stored at room temperature in a desiccator before use.

2.3.4 Filament assembly: parallel and twisted configurations

The ES filaments were prepared in two configurations: parallel and twisted. For the parallel
configuration, individual filaments were cut in 20 cm pieces and laid next to each other to
ensure the fibres would not overlap or cross each other using tape. A minimum of 9 and a
maximum of 27 parallel filaments were used per layer. They were then spanned onto
aluminium U-frames which were created in-house (measuring 15 cm in length and width). The
frames with the filaments were then stored in the desiccator until use. For the twisted
configuration, an industrial twisting machine (Mini Twister AMT 2S-Marui Textile Machinery
Co. Ltd.) was used (293). Three spools of stretched filaments were loaded onto a feeder stand
and twisted in the S-direction at a spindle speed of 500 turns/minute to produce 3-plied yarns.
Three spools of 3-plied yarns were then loaded onto the feeder again and twisted in the Z-
direction at a spindle speed of 250 turns/minute to produce a cabled yarn. These yarns were

then also cut into 20 cm pieces and spanned across the frames using tape.

2.3.5 3D printing parameters
The three-dimensional design of the block was created using computer-aided design
(Autodesk Meshmixer, Autodesk Inc., San Rafael, CA, USA). The block dimensions were 5

x 15 x 10 mm (unless mentioned otherwise), with a lattice structure having an infill density of
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60%. This denotes the amount of material that is printed within the overall object surrounded
by an exterior wall. Samples were printed from PCL granules (Ashland Specialities, Ireland)
with an Ultimaker 3 Extended 3D printer (3D4Makers, Haarlem, The Netherlands), operated
by 3DLifePrints (Oxford, UK). The material was extruded at 110 °C and deposited in layers
of 150um. No build plate heating was used in the PCL 3D printing process and all parts were
printed at room temperature. A solvent free glue stick (chemical base: modified starch) was
used to adhere the PCL print to the glass build plate of the 3D printer and prevent warping.
2.3.6 Incorporating the ES filaments during 3D printing to create the biphasic
constructs

An overview of the incorporation process of the ES filament into the 3D printed blocks is
shown in Figure 2.1. Following electrospinning and assembly of the filaments onto the frames,
3D printing was initiated. The printing was automatically stopped to insert the ES filaments or
yarns across according to the pre-defined number of layers (see Table 2.1). The pre-assembled
fibres were quickly transferred from their U-frames and taped down on the printing platform
to ensure that the movement of the nozzle would not disrupt their alignment. For the twisted
yarns, the last 2 cm was untwisted and frayed so that each individual fibre would have
maximum contact with the extruded material. Printing was then resumed, and the process was
repeated until completion of the pre-defined number of steps to produce the biphasic construct,

consisting of a soft cuff made of ES filaments or yarns and a hard 3D printed block.
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Figure 2.1 Schematic overview of the proposed approach to create soft-hard biphasic implant using electrospinning and 3D
printing: (1) filament electrospinning, (2) assembly of the filaments onto U-frames, (3) initiation of the 3D printing, (4)
interruption of the 3D printing to insert the ES filaments or yarns, (5) resuming of the 3D printing, (6) completed biphasic
implant with an ES cuff and a 3DP block. Note that (4) and (5) are repeated as many times as needed.

Table 2.1 Interruption of the 3D printing based on the number of ES filaments layers. The minimum height of printed
materials between layers was 0.45mm and the final height of the blocks was Smm.

# of layers of filaments in the print Height at which the printing was interrupted (mm)
1 2.70
5 0.50, 1.40, 2.30, 3.20, 4.10
10 0.50, 0.95, 1.40, 1.85, 2.30, 2.75, 3.20, 3.65, 4.10

2.3.7 Scanning electron microscopy (SEM)

Samples were cut and mounted on an aluminium stub (Agar Scientific, Essex, UK) with use of
a carbon adhesive (Agar Scientific) and gold coated for 120 seconds with use of the SC7620
Mini Sputter Coater System (Quorum Technologies Ltd, UK). They were imaged by SEM
(Carl Zeiss Evo LS15 Variable Pressure Scanning Electron Microscope) at various
magnifications to examine the morphology of the samples. Measurements were taken using

Imagel software (National Institutes of Health, Bethesda, USA).

2.3.8 Tensile testing
Samples were tested to failure with a tensile testing machine (Zwick Roell Group, Ulm,
Germany) using a 5 kN load cell and custom-made clamps that were previously described

(269). The initial grip-to-grip separation was set at 10 cm and the test was then performed at a
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rate of 20 mm/min. The force at failure and change in distance between the grips were recorded
with the testXpert 11 software (Zwick Roell Group, USA). The stress applied to the scaffold
was calculated as o = F/A whereby F is the force (N) applied over the initial area A (mm?). An
apparent cross-sectional area of 0.3 mm? and a porosity of 67% per filament were used to
calculate the area of the filaments, based on work performed by Abhari et al in which porosity
of PDO filaments was calculated using mercury porosimetry (269). The strain was defined as
e = (LotL;)/Li, whereby Ly is the displacement value and L; is the initial grip-to-grip distance.
Six samples were tested per experimental condition to compare the different polymers and
parallel and twisted configurations, whereas four samples were tested in the scale-up

experiments.

2.3.9 Thermal analysis

To assess the potential effect of the 3D printer nozzle’s high temperature on the filaments
during the printing process (in particular, at the exit of the printed block), PCL and PDO
filaments were heated at different temperatures (60, 80, 90, 100, 110 and 120°C) in an oven
(Fisherbrand Gravity Convection Oven) for 1 minute. These samples were not tested for tensile
properties. Fibres stored at room temperature were used as controls. A differential scanning
calorimeter (TA Q2000-1275 Differential Scanning Calorimeter, DSC) was then used to
evaluate the thermal properties of the samples. For each condition, approximately 5 mg of
sample was fitted in an aluminium pan (TZero Aluminium), along with an empty tin as the
reference standard. The pans were heated a heating rate of 10 °C/min in a nitrogen atmosphere,
from 0 °C to 90 °C and -20 °C to 135 °C for PCL and PDO, respectively. A second heating

and cooling cycle was performed to erase the thermal history of the sample and any residual

solvent. From the DSC thermogram of the first cycle, the melting temperature (T,,,), measured

area of the thermal capacity (AH,,,) and, if available, measured area of the annealing peak (AH,)

66



Manufacture of soft-hard scaffolds

and of the recrystallization peak (AH,) were determined (295). Recrystallization is observed as

an exothermic peak just before the melting peak(296). Heat of fusion (AH,) was calculated by

averaging AH,, and considering the melting enthalpy of the recrystallization (AH,) and of the

annealing (AH,) peaks, if observed (Hf = (Hm-Hc)+Ha) (295, 297). Crystallinity was
calculated by dividing the resulting heat of fusion by the theoretical heat of fusion of a 100%
crystalline sample (AHf®) for PDO (141.2 J/g) and PCL (139.3 J/g), respectively (297, 298),

see equation below:

o AHf
% crystallinity = T 100%

(1)

2.3.10 Cell culture and maintenance

Human foreskin fibroblasts (HFF-1 cell line, ATCC) were used to seed on the electrospun soft
cuff, and were maintained in growth medium DMEM F12 (Lonza, UK) supplemented with
15% foetal bovine serum (FBS, Biosera UK) and 1% penicillin—streptomycin solution (P/S,
Gibco, UK), according to the supplier’s instructions. A human osteoblast-like cell line was
used (MG-63, Sigma Aldrich, UK) to seed on the 3D printed hard cuff. For the neutral red
uptake assay, mouse BALB/c 3T3 fibroblast cells (Merck, Germany) were maintained at 37°C,
5% CO; in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich, UK) supplemented
with 10% new-born calf serum (NCS, Sigma-Aldrich, UK), 4 mM L-glutamine (Thermo Fisher
Scientific, UK), 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Thermo
Fisher Scientific) and 1% penicillin/streptomycin (Gibco, UK). Cells were cultured in T-75
flasks (Thermo Fisher Scientific) with a fresh media change every two to three days. Once cells
had reached approximately 90% confluency, they were split at a ratio of 1:3 and sub-cultured
under the same conditions to allow proliferation with a maximum passage of 15 (BALB/c 3T3)

and 20 (HFF-1 and MG-63). Cellular morphology and adherence was assessed prior to each
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media change and prior to cell seeding by light microscopy. In cases of unusual morphology
and slow growth densities (i.e. round instead of flat and elongated cells) the flask was
discarded. Culture medium was regularly tested for mycoplasma using a MycoAlert testing kit

(Lonza, UK) according to the manufacturer's instructions.

2.3.11 Assessment of cell seeding efficiency and proliferation over time

Scaffolds (n = 3, biological repeats) were prepared for cell seeding by being soaked in culture
media (DMEM F12 supplemented with 15% FBS and 1% P/S) for two hours at 37 °C, 5%
COa. Once cells had reached >90% confluency, they were mechanically scraped and counted
using a hemacytometer counting-chamber device and seeded at different densities and
volumes (Table 1). A standard curve was generated by seeding cells in triplicate (n = 3) at
densities of 1x107, 2.5x10%, 5.0x10* and 1x10° in a 48-well plate (Corning Inc., Corning, N,
USA). To estimate cell numbers from this curve a simple linear regression was applied using
GraphPad Prism version 9 (GraphPad Software Inc, San Diego, USA). After seeding cells
onto the scaffolds, the plate was placed in the incubator for two hours to allow cells to attach
(the seeding plate). Then, the scaffolds were transferred to a new 48-well plate and topped up
with fresh culture medium. The seeding plate was saved to assess attachment of the cells on
day 1. This was approximated by using a PrestoBlue assay (Invitrogen, Paisley, UK) to
measure metabolic activity (299). This is an oxidation-reduction-based assay in which
resazurin, a blue non-fluorescent dye, is taken up by live cells and reduced to resorufin, a
highly fluorescent component. This change in colour can be detected by measuring
fluorescence in a microplate reader and obtaining a change in fluorescence intensity units
(FIU) over time. It can therefore technically be used to quantify cellular proliferation and has
the advantage of being non- destructive to cells so the same cell population can be evaluated

across specified time points. Briefly, culture medium in each relevant well was replaced with
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400 pL of a 10% PrestoBlue solution (v/v in DMEM) at selected time-points (day 1, 4, 7, 14
post-seeding) and incubated for 1 hour at 37°C, 5% CO,. Afterwards, 100 uL of each sample
was transferred in triplicate to a white, flat-bottom 96-well plate (Corning, UK). Fluorescence
was measured at 485nm excitation and 520nm emission using a FLUOstar optima microplate
reader (BMG Labtech, Germany). A well containing just the PrestoBlue solution was used to
correct for background signal. The scaffolds were then rinsed with PBS and transferred to
new 48-well plates containing fresh, pre-warmed cell culture media. Scaffolds were placed
into new 48-well plates with fresh medium every two to three days to exclude cells that had
attached to the bottom of the well plates. The percentage of cells that had successfully
attached to scaffolds was quantified by determining the ratio of the microplate readings (FIU)
of the seeding plate and the scaffolds after day 1, corrected for background, see equation

below. The estimated cell number was then calculated using the calibration curve.

s cell attach e FIU day 1 plate 100%
o cell attachment = (FIU day 1 plate + FIU seeding plate) ¥ ’

(2)

2.3.12 Assessment of cytotoxicity

The neutral red uptake (NRU) assay for cytotoxicity was used according to previously
published work (293). It is an established method to indirectly evaluate toxicity in the
biological evaluation of medical devices guided by the ISO 10993-5:2009(300). Prior to
carrying out the assay, 0.1 g of each sample (PDO ES filaments, PCL 3DP samples, FiberWire
sutures, polyethylene caps, rubber bands) was weighed out and submerged in 70% ethanol for
two hours. They were then washed with sterile phosphate buffered saline (PBS, Sigma-Aldrich,
UK) three times, transferred to separate 10-cm petri dishes, and left to dry overnight. The next

day, samples were extracted at a ratio of 0.1 mg/mL (guided by the extraction ratios outlined
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in ISO 10993-12 for irregularly shaped devices) in medium consisting of DMEM as described
above but consisting of 5% NCS instead of 10%. The samples were incubated in the medium
at 37 °C for 72 hours under agitation. Next, BALB/3T3 cells were seeded into 96-well plates
(without samples) at a density of 1x 10* cells/well and left to adhere for 24 hours to form a sub-
confluent monolayer. The different extraction media, corresponding to the testing materials,
was added to the wells as undiluted, 2-fold and 4-fold dilutions. The plate was incubated for
another 24 hours before neutral red uptake was determined and compared to control wells (cells
exposed to DMEM only). Absorbance was measured at 540 nm using the FluoStar Optima
microplate reader (BMG Labtech, Ortenberg, Germany). Cell viability was calculated as the
percentage of values obtained for the cell culture medium only (control). Three technical
repeats were used per experiment (n = 3). As recommended by the ISO 10993-12, sodium
lauryl sulphate (SLS, Sigma-Aldrich, UK) was used as positive control and tested in a four-
concentration scale (300). Rubber bands were used as a secondary positive control.
Polyethylene caps were used as a negative control. Finally, FiberWire sutures (Arthrex, Naples,

Florida, US) were used as a comparator to the PDO and PCL materials.

2.3.13 Statistical analysis

Statistical analysis was performed with GraphPad Prism version 9 software (GraphPad
Software Inc, California, USA). Data in graphs are expressed as means with standard
deviations. A standard one-way ANOV A with Tukey’s multiple comparisons testing was used
to examine statistical differences between groups. Results were considered statistically
significant for p < 0.05. Experiments were performed in six repeats for the mechanical testing,
except for the scale-up manufacturing which was done in four repeats due to the amount of
material it required. The thermal analysis was done in triplicate for both polymer types.

Cytotoxicity assessments were performed in triplicate.
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2.4 Results and discussion

2.4.1 Manufacturing biphasic scaffolds: PDO soft cuff versus PCL soft cuff

The approach described in the method section (Figure 2.1) was successfully applied to create
soft-hard scaffolds consisting of a 3DP PCL block with an integrated ES cuff. As shown in
Figure 2.2, the biphasic scaffolds could be produced with either a PDO or a PCL ES cuff.
Prototypes were created with 60 filaments in total over four layers (15 filaments per layer). For
the tensile tests shown in Figure 2.2 I-L, the number of filaments per scaffold was downscaled
to nine filaments per block for this initial stage to limit the use of electrospun filaments that
were needed for the experiments throughout this thesis. SEM images indicate that, while the
PDO cuff morphology remained intact during the assembly, the micro-fibrous morphology of
the PCL cuff was lost near the insertion zone into the 3DP block. This suggests that fibres
melted as consequence of the melting point of PCL filaments (~57°C) being much lower than
the temperature of the extrusion melt (~110°C) used during the 3D printing process. This
means that PCL fibres could not be used in combination with PCL 3D printed material and it
was decided to continue the experimental phase with PDO electrospun fibres instead.

In terms of mechanical properties, biphasic scaffolds with a PDO cuff led to slightly higher
breaking forces compared to the scaffolds with a PCL cuff (p=0.0177, Figure 2.21). However,
controls performed with the ES cuff material only (no block) indicated that for both PDO and
PCL, the insertion of the cuff in the block had a significant effect on its mechanical properties
(p<0.0001, Figure 2.21). This is also evident from the respective stress and strain values
(p<0.0001, Figures 2.2J and 2.2K). A decrease in all properties was observed for the PCL cuff
and this was expected because of the melting of the PCL filament near the insertion zone. For
PDO, similar observations were made. While no melting was observed, this effect can be

explained by annealing of the region of the filaments near the insertion.
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Figure 2.2 Soft-hard scaffolds made of a 3DP printed PCL block and either a PDO (A-D) or a PCL (E-H) ES cuff. SEM
images are taken of prototype scaffolds consisting of 60 filaments in four layers. A) SEM image showing the 3DP lattice
(made of PCL) embedding the PDO cuff; B) SEM image showing the interface between the 3DP block and the PDO cuff; C)
SEM image showing the submicron fibres within the PDO filaments; D) gross appearance of the biphasic scaffold with PDO
cuff; E) SEM image showing the 3DP lattice (made of PCL) embedding the PCL cuff; F) SEM image showing the interface
between the 3DP block and the PCL cuff ; G) SEM image showing the submicron fibres within the PCL filaments; H) gross
appearance of the biphasic scaffold with PCL cuff. I-L) Tensile properties of the biphasic scaffolds and control cuffs, each
involving 9 filaments in one layer: force at failure (I), maximum strain (J), maximum stress (K), Young’s modulus (L), n =
6. Scale bars = 200 um. P-value of <0.05 is denoted as *, p<0.001 as *** and p<0.0001 as ****.
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2.4.2 Thermal analysis
Annealing occurs when PDO is exposed to high temperature (295). As shown in Table 2.2, a

thermal analysis of the PDO filaments subjected to temperatures ranging from 60 to 120°C for
1 minute (to roughly mimic the contact with the extrusion melt before cooling down) indicated
that the polymer crystallinity was affected by a short exposure at 90°C and above (increase at
90°C, decrease at 100-120°C). Annealing, and the subsequent change in crystallinity can affect
the mechanical properties and degradation kinetics (295). The fact that all samples (PCL and
PDO ES cuffs) failed at the interface between the soft and hard components is consistent with
the explanations provided above. The thermographs of the differential scanning calorimetry
(DSC) for the PDO and PCL samples heated at different temperatures compared to room
temperature (RT) are shown in Figure 2.3. The graphs show the heat flow associated with the
transitions of the polymer as a function of time and temperature and have a few identifiable
regions. The main melting peak of PDO is around 106°C and is similarly shaped for most
samples (Figure 2.3A). Small endothermic peaks can be observed around 40°C, corresponding
to an annealing peak with a shift in temperature. A clear exothermic peak is observed around
80°C just before the melting peak for samples heated at 100°C, 110°C and 120°C, indicating
recrystallisation of the samples. For the PCL samples, no annealing or recrystallisation peaks
are present (Figure 2.3B). The main melting peak is around 58°C and shows a difference in the
narrowness and elongation of the peaks for all samples with an onset of melting around 30°C.
There is a trend of a broader and shorter peak for samples heated at increasing temperatures,
with the broadest and shortest peak for samples heated at 120°C. Table 2.2 shows the calculated
heat of fusion and corresponding crystallinity for PDO and PCL, as compared to the values of
a 100% crystalline sample, as well as onset of melting, melting point, and relevant heat
enthalpies. Change in crystallinity is also visualised in Figure 2.4 for PDO and PCL,

respectively. Crystallinity decreases for PDO samples initially, but peaks for samples heated
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at 90°C (p = 0.0042), followed by a significant dip at 100°C (p = 0.0006) and a consistently
lower value for 110°C and 120°C (p =0.0114 and p=0.0057, respectively. Onset of melting
seems to be at slightly higher temperatures with increasing treatment temperature, but it
decreases for samples heated at 100°C and over. For the PCL samples, crystallinity is lower
for all samples compared to room temperature (RT) and there is a shift in onset of melting as
well to a slightly higher temperature, although not significantly.

PDO and PCL are both a semi-crystalline polymer, meaning that they consist of an amorphous
and crystalline region, have a highly ordered molecular structure and exhibit a sharp melting
point when exposed to heat (238). Higher crystallinity increases the intermolecular bonding
resulting in higher strength (307). Although the calculated heat of fusion and crystallinity is
decreased for both polymer samples as they are heated at higher temperatures (Table 2.2), it
only translates in a significant loss of mechanical properties for the PCL samples. This can be
explained by the differences in melting temperature, as the range of temperatures used in this
experiment exceeded the melting point of PCL (~58°C), but only noticeably altered PDO
samples around its own melting point (~106°C). However, heat treatment (annealing) can
improve the mechanical properties of polymers because it influences the proportion and
organization of amorphous and crystalline regions resulting in an increase in crystallinity. It
has been shown previously that mechanical properties of electrospun PDO change marginally
when exposed to heat for longer periods (295) and this might explain why these filaments are
also only marginally affected by the printing process. During a heating and cooling cycle,
crystallisation events can occur before the melting point as polymer chains become more
mobile during the heating cycle and give off energy (i.e., heat) when moving into a more stable
phase. This is referred to as recrystallisation or cold crystallisation and can be observed in the
PDO thermograms around 80°C, just before the melting peak. It only occurs for samples that

were pre-heated at 100, 110 and 120°C and has been previously observed in PDO and PLLA
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samples that were subject to annealing (297, 302). The small endothermic peaks around 40°C
are annealing peaks and give information about the previous heat history of the sample (303).
The location of the peaks depends on the annealing temperature and time (304) and has been
reported in semicrystalline polymers undergoing annealing as well (293, 296). This peak in the
samples indicates the formation of crystals that partially melt and recrystallise during the
heating cycle until they are completely molten in the main melting peak observed (305, 306).
In the second heating and cooling cycle, after the thermal history has been erased, this peak
disappears, as well as the recrystallization peak and all samples show the same single melting
peak. For all PCL samples there is an absence of any other endo- or exothermic peaks, bar the
melting peak, which could be explained by the fact that the temperatures used to heat the
samples were above the melting point of PCL and thermal degradation could therefore not be
captured by the DSC experiment, i.e., the samples were already fully molten before being
analysed by DSC. It could also mean that the time exposed to the heat was not long enough to

capture any significant events (305).

Table 2.2 Thermal properties of PDO and PCL filaments subjected to high temperatures (ranging from 60 to 120°C) for 1
minute. P-values refer to RT control values.

Treatment T, (*C) To, onset (C)  AH,, (J/g) T, (C) AH (J/g) T,(C) AH, (J/g) AH,, (J/g) Crystallinity (%) (p-value)
PDO cuff RT control 105.8+0.1 87.8+0.7 74.242.2 - - 47.2+£0.7  3.8£0.9 78.0+2.1 55.2+1.5
60°C 106.3+0.3 89.1x1.3  77.3%¥2.2 - - - - 77.342.2 54.8+1.6(0.9998)
80°C 106.1+0.2 91.8+0.9 77.2+0.9 - - - - 77.2+0.9 54.7+0.6 (0.9996)
90°C 105.9+0.3 92.0+0.6 85.0+2.3 - - 43.3£1.0 1.7+0.4 86.7+2.3 61.4+1.7(0.0042)
100°C 106.7+0.1 90.8+1.1 68.7+1.1 89.4+1.4 3.4+1.7 41.0+0.9 2.0£0.5 67.242.3 47.6+1.6(0.0006)
110C 106.6+0.2 83.1£1.4  74.9+43 80.0+£2.8 8.5+1.3 43708  3.8+0.4 70.3+3.5 49.842.5(0.0114)
120C 106.4+0.3 79.8+1.7  73.9%1.6 77.9+0.2 8.3+0.4 411205 3.9£0.3 69.6+1.4 49.3£1.0(0.0057)
PCL cuff RT control  56.8+0.2 30.7+0.9 79.3+0.2 - - - - 80.1+2.1 57.4£1.5
60°C 53.6+0.7 32.0+0.1 74.9+0.9 - - - - 73.6+1.8 52.7+1.3(0.1669)
80°C 53.1+0.7 32.240.3 74.7£1.0 - - - - 73.9+2.3 52.9+1.7(0.1372)
90°C 53.5+0.5 33.0+0.6 74.7+0.7 - - - - 72.6%1.1 52.0+0.8(0.1409)
100°C 52.1£1.7 33.9+0.8 727423 - - - - 71.6+3.5 51.3+2.5(0.0153)
110°C 53.942.9 33.3+0.4 75.244.1 - - - - 75.2+4.1 53.9+2.9(0.2298)
120C 52.4+1.3 33.9+0.5 73.241.8 - - - - 70.2+2.9 50.3+2.1(0.0265)
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Figure 2.3 DSC thermographs for PDO samples (A) and PCL samples (B) at room temperature (RT) and heated at
temperatures ranging from 60-120°C for one minute. Small endothermic peaks are seen around 40°C for PDO. The samples
heated at 100, 110 and 120°C show a clear exothermic peak just before the melting peak indicating cold crystallinity. No
annealing or crystallinity peaks are present for the PCL samples. All samples have a similar onset of melting but differ in the
elongation and narrowness of their respective melting peaks, n= 3.
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Figure 2.4 Crystallinity values for PDO (A) and PCL (B) across different temperatures. Values of p<0.05 are considered
significant. P-value of <0.05 is denoted as *, p<0.01 as ** and p<0.001 as ***,
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2.4.3 Cuff design: parallel filaments versus multifilament yarns (PDO cuff)

To investigate the effect of ES cuff design on the mechanical properties of the biphasic
scaffolds, we compared twisted ES yarns to the parallel ES filaments previously presented
(Figure 2.5A-D). Twisting was done to improve the ultimate force of the filaments within the
blocks and was done using the PDO filaments only, due to the melting of PCL filaments
described in the previous section, which made them unsuitable for use in the biphasic construct.
While possible, layering the twisted yarns was considerably more challenging than the parallel
filaments because of the difficulty of maintaining alignment of the frayed ends and preventing
individual filaments from crossing over each other and sticking together during printing due to
the movement of the printer head. Therefore, the fabricated biphasic scaffolds with twisted
yarns were of lesser quality and did not provide sufficient adhesion in the 3D printed layers.
This was also evident when testing the scaffolds composed of twisted yarns to failure, as they
appeared to be slipping out of the blocks rather than breaking (as observed for the parallel
filament configuration), indicating the smaller contact area between filaments and the 3D
printed block, not sufficient to obtain proper adhesion. All samples (twisted and parallel) failed
just past the interface point, at a maximum of 10.2 = 1.6 N, and while the failure behaviour
differed, it is worth noting that — apart for the Young’s modulus, which was slightly higher for
twisted cuffs — the overall force, stress and strain of biphasic implants did not change with the
ES cuff design (Figure 2.5E-H). However, slippage of the twisted cuff means that those
samples may have led to higher mechanical properties. Therefore, despite ES twisted yarns
being more challenging than parallel filaments to embed in the 3DP block, it could still be a
strategy worth exploring in the future to create stronger structures. Further work should
investigate better cuff designs for example by optimising the number of twists within yarns.
Indeed, the control cuffs (i.e. cuffs without a block), showed a negative effect of the twist on

its mechanical properties: parallel cuffs were stronger than twisted yarns with an ultimate
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tensile strength of 10.2 £ 1.6 N and 5.7 £1.7 N respectively (p <0.0001, Figure 2.5E). This was
unexpected as twisted yarns tend to perform better in terms of ultimate tensile strength due to
the increased adhesions between filaments and thus higher frictional forces within the bundle
(294). Such difference could be due to the degree of twisting being too high, resulting in
(micro)fibre damage which potentially could have reduced the overall strength of the yarn
(307). Furthermore, because the individual filaments within the yarn are not aligned to the axis
in which load is applied, fibre obliquity can occur and this may also reduce the overall strength
(308, 309). Looking into these aspects were however out of the scope of this study and will be

addressed in the future.
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Figure 2.5 ES-3DP biphasic scaffolds with ES filaments in a parallel or twisted configuration. A. gross appearance of
scaffolds with parallel filaments, B. SEM image showing nine parallel filaments in one layer emerging from the block, C.
gross appearance of scaffolds with twisted filaments, D. SEM image showing a twisted yarn (made of 9 filaments) emerging
from the block. E-H: mechanical properties of the biphasic scaffolds and cuff controls, involving 9 filaments in either
twisted or parallel configuration. This included force at failure (E), maximum strain (F), maximum stress (G), Young’s
modulus (H) n = 6. P-value of <0.05 is denoted as * and p<0.0001 as ****,

2.4.4 Scaling-up the ES cuff size to reach clinically relevant forces

Figure 2.6 demonstrates the possibility to significantly increase the number of embedded
filaments for the ES cuff to reach higher failure forces. Up to 27 ES filaments could be inserted
across the width of the 3DP structure while 10 stops could be executed with the 3D printer,
meaning that a maximum of 270 filaments could be embedded into the block. Figure 2.6A-C
shows a single layer of 9, 18 and 27 filaments respectively and in Figure 2.6D-F the number
of layers was increased to 5 to reach 90 filaments (5x18), and then to 10 to reach 180 filaments
(10x18) and 270 filaments (10x27), respectively. A minimum of 0.45 mm of extruded material
(corresponding to 3 passages of the printer head) was necessary between each layer of cuff

material to ensure the lattice structure would not be compromised during printing. It was
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observed that reducing the layer height more than this would result in disruption of the lattice
order. The force at failure of the scaled-up scaffolds exhibits a relatively linear relationship for
the number of filaments inserted, as expected (Figure 2.6G). The maximum force of the
scaffold including 270 filaments was 226.8 + 46.9 N. The stress, strain, and Young’s Modulus
(Figures 2.6H-J) increased only marginally with the increase in filament number. The
calculated cross-sectional area did not take into account the spaces between inserted filaments
which could have led to a variation in tension during tensile testing (3/0). Figure 2.7A shows
a schematic illustration of the concept of the biphasic scaffold inserted into the footprint area

of the supraspinatus tendon on the humeral head. The soft ES component would attach the

tendon to the hard 3DP component embedded into the bone.
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Figure 2.6 Increasing the cuff size to reach clinically relevant forces and demonstrate the scale up potential of the proposed
approach. Figure A-F shows the number of filaments increased over the width (A-C) and height (D-E) with a maximum of
270 in 10 layers (F). Mechanical properties are portrayed in figures G-J with force at failure (G), strain (H), stress (I) and
Young’s Modulus (J) per filament number, n = 4. P-value of <0.05 is denoted as * and p<0.01 as ** .

2.4.5 Biocompatibility of the soft and hard components

To determine the cytotoxicity of the ES cuff (made of PDO) and 3DP block (made of PCL), an
indirect NRU assay was performed. In this assay, guided by ISO 10993-5:2009, a relative cell
viability above 70% indicates a non-cytotoxic material. As shown in Figure 2.7B, a viability
of 82.8% and 81.9% (relative to control culture medium) was observed in the neat extract for
the cuff and block, respectively, confirming that both components are non-cytotoxic. Positive
controls (rubber and SLS) and negative controls (PE caps) were performed alongside the test
samples to ensure that the assay was reliable. Furthermore, the compatibility of the ES cuff and

3DP block were compared to FiberWire, a well-known suture material used clinically in
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musculoskeletal tissue repair and no significant differences could be seen between those
materials. These results were expected as both PDO and PCL have a clinical record of safety
(311, 312) and are used at medical grade in this work. They confirm that the manufacturing
methods, in particular the use of organic solvent during electrospinning, did not impact on the
cytotoxicity of the implant. Solvent residuals can indeed be a source of toxicity (3/3) and these

results suggest that residual levels within the filaments were minimal.

The attachment, proliferation and morphology of fibroblasts and osteoblast-like cells on the ES
cuff and 3DP block, respectively, are shown in Figure 2.7C-D. Fibroblasts were used to mimic
behaviour of tenocytes and osteoblast-like cells to mimic that of osteoblasts. Seeding efficiency
1s 35% and 20% for the cuff and block, respectively (Figure 2.7C), similarly Savi¢ et al found
a seeding efficiency of around 25% for their electrospun filaments and Salerno seeded to
around 30-50% efficiency on 3D printed PCL scaffolds of varying porosities (293, 374). This
relatively low seeding efficiency may be explained by the highly hydrophobic nature of the
material (205) and the presence of large pores in the structure tested (gaps between filaments
or in the 3DP lattice), which resulted in most of the cell suspension flowing down to the bottom
of the well-plate. Fibroblasts and osteoblasts proliferated similarly in terms of relative fold
change on ES Cuff and 3DP respectively over 14 days (Figure 2.7D). Cells present on the
materials are aligned along materials on the SEM images of Figures 2.7E-F. Cells on the ES
cuff showed an elongated morphology (Figures 2.7F). These observations are consistent with
the literature: primary cells seeded on electrospun filaments exhibit a fibroblast-like
morphology by aligning themselves in the direction of the microfibers (293, 375) and while
encouraging, future work is needed, using primary cells and co-culture models, to demonstrate
cell migration within the materials and looking at their gene expression profile will be

important to assess the healing potential of the biphasic scaffold (173, 270, 279, 316, 317).
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Figure 2.7 Cellular assays performed on the soft and hard components of the ES-3DP scaffold. A. Schematic of how the
biphasic scaffold would fit into the shoulder joint, with arrows pointing to the individual components. B. NRU assay
demonstrating the lack of cytotoxicity of the block and cuff component of the biphasic scaffold: cell viability was measured
as a percentage of the vehicle medium (DMEM) and the materials were compared at undiluted concentrations (neat), 1:2 and
1:4 neat extract (Polyethylene (PE) caps were used as negative controls, rubber bands and SLS served as positive controls
and commercially available FiberWire sutures were used as a clinical material control). C. Cell seeding efficiency on the ES
cuff and 3DP block fibroblast and osteoblasts cell lines, respectively. D. Relative cell growth on the materials over 14 days E

—F. SEM images showing cell morphology and spreading on the 3DP block and ES cuff (red arrows) at day 14, respectively.
Scale bars = 200 um

2.5 General discussion

This study aimed to create soft-hard biphasic scaffolds that could be used for enthesis repair
by combining electrospinning and 3D printing. The presented approach can be used to produce
biphasic implants that approach forces needed for clinical translation and is safe to use

according to preliminary cell viability assays.

Efforts to recreate this interface in synthetic biomaterials have mainly focused on using
chemical gradients, such as through increasing mineralization content with B-tricalcium
phosphate or hydroxyapatite particles, and structural gradients, such as through progressive

fibre alignments (37/8-323). Multiphasic or hierarchical scaffold strategies are particularly
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popular in the bone tissue engineering fields, but examples consist mostly of fibre-based
scaffolds of differing diameters, and multi-layered or multiphasic scaffolds condensed into a
single unit (/90, 324, 325). They do not reflect the two distinctly separate materials relating to
the enthesis (bone and tendon) nor possess the mechanical properties required to support repair
of the entheses of the shoulder joint. Furthermore, designs do not account for whether they
would be able to fit into the desired implant location (326). For example, the native
supraspinatus enthesis is incredibly small and therefore requires very concise scaffold
dimensions to be able to fit an implant here. Since many orthopaedic procedures are strictly
arthroscopic this can pose a significant constraint as well (262). Another consideration is the
biomechanics of the implant location, which can pose considerable geometric limitations (327).
For example, an implant designed to fit into the supraspinatus area should be embedded
completely level within the bone to prevent impingement happening when the shoulder

abducts. Current suture and bone anchors are designed with this in mind.

Hybrid scaffolds made by electrospinning and 3D printing are currently being developed in the
musculoskeletal field. Several strategies have been proposed, including: alternating between
electrospinning and 3DP printing (282) electrospinning onto 3DP structures (285), printing on
ES scaffold (281, 284)(328), assembling existing ES and 3DP components (/89, 283) .
However, most of these strategies focus on bone applications and none attempted to recreate a

soft-hard biphasic scaffold for application to entheses (e.g., at the rotator cuff).

Here we demonstrate that ES-3DP scaffolds with an ES cuff made of up to 270 filaments can
be created. The ES cuff was embedded into a region of 150 mm?® (10x15mm), an area that
roughly reflects the dimensions of the footprint of the supraspinatus tendon enthesis, measured
from human cadaveric specimens (/6, 329). The ES cuff had a maximum force of failure of

226.8 =46.9 N, indicating a clear potential for clinical application from a mechanical point of
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view. Indeed, sutures used for rotator cuff surgeries typically fail in the range of 184 — 359 N
(14, 330-332), although this is heavily dependent on suture material, suture configuration, and
tissue quality (tendon and bone). In future work, however, reaching loads of 250 N might be
beneficial as it has been suggested that such levels of strength are needed for early passive
motion in post-operative rehabilitation (330, 33/). Data from human cadavers suggest that
native supraspinatus tendon stresses and strain are between the ranges of 1.1-23 MPa (178,
287, 289, 333-335) and 1.4-28% (178, 290, 333, 336), respectively. This broad range can be
attributed to the different experimental setups and the quality of the specimens tested.
However, the stress and strain values reported of the tested scaffolds in this work fall within
this range. Very limited data exists on the Young’s Modulus, but is in the range of ~150 MPa

for native supraspinatus tendon (/78).

Several factors can be considered to further increase the maximum failure load of the ES cuff
in the biphasic scaffold. Firstly, this could be done by improving the strength of the PDO
filaments produced such as by decreasing the speed of the wire (to deposit more material) or
increasing the concentration of pyridine in the polymer solution (292). Another factor to
consider is textile design: although our attempt to use twisting to improve the ES cuff strength
has been unsuccessful, assembly parameters were not explored in depth. Textile techniques
such as braiding, twisting, weaving and knitting have long been used in medical applications
(e.g., sutures, grafts) to improve mechanical parameters and consequently have also been
adopted in the fabrication of biomaterials (242, 243, 337). Thirdly, since the high temperature
of the nozzle and extruded melt was identified as a potential issue leading to decreased
strengths (through annealing), approaches that reduce the melt temperature or shield the
filaments from heat during incorporation may lead to better results. Alternatively using an

additive manufacturing process that does not involve melt deposition might be worth
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considering. Finally, modifying the print structure or working with a printer with better
resolution might enable finer layers of material to be deposited and, as such, allow for the

incorporation of more filaments and lead to higher strength values.

Overall, this study suggests that electrospinning and 3DP can be combined to produce
biomaterials with robust soft-hard junctions that could help to regenerate entheses. However,
it suffered from several limitations. Firstly, all scaffolds were fabricated by manually inserting
filaments during the 3D printing process, leading to some variability between samples. Also,
considering cost and time of manufacture of the scaffold components, the number of repeats
for each sample was limited to either 4 or 6. Future work will benefit from more repeats while
a more automated and efficient process will ensure more consistent scaffolds. Secondly,
because of the large number of fibres required for building the biphasic scaffolds (e.g. 54 m
per sample for those involving 270 filaments), filaments were often used from different batches
and stored for prolonged periods of time (up to 3 months in desiccator). Batch-to-batch
variations and degradation could account for differences observed in our mechanical datasets.
Furthermore, while we performed mechanical test to failure, it would have been valuable to
assess the scaffolds under cyclic loading regimes. It has been previously established that cyclic
loads of between 100 N and 180N occur in supraspinatus tendon (//7, 330, 338) and material
fatigue is a common failure mechanism among orthopaedic implants. Fourthly, the design and
materials used for the print and filament involved very little variations. There are many
variations of the 3DP block or ES cuff that could be explored, in terms of structure, geometry,
chemistry, etc. For instance, we only printed the base from PCL, which is a polymer well
known for its clinical use, but which is highly hydrophobic and leads to relatively low cell
attachment when unmodified. Gradients of hydroxyapatite might improve the cellular response
to scaffold as it would resemble the gradual transition of tendon to bone in the enthesis. Also,

we did not investigate the fixation of the implants. Fixation of the 3DP block in bone and the
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fixation of the ES cuff to tendon will be important to address in future work to further highlight
the clinical potential of the biphasic scaffolds. Furthermore, the biocompatibility assays
remained very basic. Future biological characterisation will potentially require the use of
primary cells of the supraspinatus tendon and bone, co-cultures, and next-generation
sequencing to assess biological response and repair-potential of the scaffolds. Finally,
sterilisation of our materials was achieved using ethanol. Methods used in medical device
manufacture, such as ethylene oxide sterilisation, will need to be investigated at a later stage
as these can have critical effects on the implant’s biological, mechanical and degradation

properties.

2.6 Conclusion

3D printing and electrospinning can be combined to produce biphasic implant with a robust
soft-hard junction for enthesis repair applications. The thermal properties of the polymers used
was important since 3D printing involved high temperatures and this affected the mechanical
and morphological properties of the ES fibres. The cuff configuration influenced the failure
behaviour of the scaffolds as twisted yarns did not adhere to the 3D printed blocks as well as
parallel filaments. Up to 270 filaments could be fitted in a footprint area of 50mm?, similar to
that of the enthesis of the supraspinatus tendon, allowing us to reach clinically relevant
strength. The scaffold components were confirmed to be non-cytotoxic and cells were shown
to proliferate at their surfaces over a period of 14 days. Although promising, future work will
be needed to further assess the potential of these synthetic ES cuff - 3DP block biomaterials
including investigating more design parameters (chemical and mechanical gradients, cuff
configuration, implant geometry, etc.) and utilising further characterisation methods
(mechanical and biological). In the next Chapter, the biological activity of the electrospun

filaments will be compared to a commercial suture and further assessed by evaluating cell
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attachment and proliferation and employing next generation sequencing to test for any

differentially expressed genes that might show a more favourable profile for healing and repair.
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Chapter 3 Biological evaluation of electrospun
filaments

3.1 Abstract

Biomaterials that are implanted into the human body will encounter a foreign body response
that can result in failure of the scaffold and chronic fibrosis and inflammation in the native
tissue. Several techniques exist to mitigate this effect, most importantly by mimicking the
ECM of the target tissue. In this Chapter we evaluate the biological response of electrospun
(ES) filaments introduced in Chapter 1 to that of commercial FiberWire (FW) sutures
commonly used in rotator cuff repair. Human dermal fibroblasts were cultured and seeded on
the materials and their cell attachment and proliferation was assessed using a cell viability
assay (PrestoBlue) and scanning electron microscopy (SEM) for a duration of 14 days.
Differentially expressed genes (DEG) at the end of the culturing period were quantified by
using next-generation sequencing and employing computational analysis using the DESeq2
package in R. Results showed similarly low seeding efficiency for both ES filaments and FW
sutures, but a difference in cell morphology with fibroblasts seeded on ES filaments
exhibiting an elongated and spindle-like shape. DEG analysis revealed similarities between
ES and FW materials at day 14 including pathway enrichment for cell migration and motility
and angiogenesis. A difference was that DEG on ES filaments related to development and
growth while those on FW related to wound healing and inflammation. Results suggests a
difference between both materials with a more favourable outcome for the ES filaments that

could contribute to a mitigating effect of the FBR upon implantation.
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3.2 Introduction

To determine if a prototype scaffold meets the requirements to progress to in vivo testing it is
paramount to first carry out in vitro tests to assess suitability for progression along the
translational pipeline. As introduced in Chapter 1, cells will interact differently to an
implanted material based on its inherent properties and bioactivity. As a first step, they will
be encased in proteins that signal macrophages to activate the foreign body response (FBR).
This is a natural protective mechanism of the body and is an unavoidable process, leading to
a failure of implants in about 10% of cases (339). To mitigate the effects of the FBR, the
materials involved in the implant should not induce a reparative response, which can be
achieved by changing the physical properties (e.g., mimicking native tissue ECM),
incorporating bioactive anti-inflammatory compounds or coating the implant in a biomimetic
substance (339). In vitro tests to assess biocompatibility include assessment of toxicity and
cell viability, proliferation, infiltration and differentiation. These are important factors that
specify how well a scaffold will integrate into the native tissue (340), as attachment will lead
to deposition of extracellular matrix which will stimulate cell proliferation and differentiation
of native tissue (340). Ideally, scaffolds are seeded with primary cells that are isolated from
human tissue samples and then expanded in tissue culture plastic prior to seeding. Problems
with the use of primary cells are that isolation can be tricky, cell numbers remain limited, and
the relatively high risk of infection can set back experiments significantly (347). Also, since
primary cells can come from a multitude of different patients, donor-to-donor variations are
important to take into consideration in terms of obtaining reproducible results. Furthermore,
as primary cells have a limited life span and proliferate at a low rate, they can lose their
morphology and functionality when they are passaged too many times in an unstimulated
environment (e.g., tissue culture plastic) (342, 343). Many studies perform initial in vitro

testing using well-established and reliable cell lines to prove the initial safety and efficacy of
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the scaffold by showing cell attachment and proliferation. However, there is no ‘correct’ or
‘standardised’ seeding density to use to elicit quantifiable cell responses and to be able to
extrapolate in vitro results, and this could especially be relevant when going through
regulatory pathways to obtain approval for the use of the scaffolds in clinical trials. Seeding
efficiency depends on the structure and nature of the scaffold as well as the cell type used,
and can be further influenced by seeding volume and seeding density (344). The main aim of
this chapter is therefore to assess cell attachment, viability, and response to these scaffolds
with a secondary aim of establishing a seeding density. Cell seeding can be especially
wasteful when precious cells are used, and several studies have been done to evaluate the
seeding process — notably in bone tissue engineering — to determine what an appropriate cell
seeding number is to be able to confidently say that scaffolds meet basic biological
requirements of cell attachment, proliferation, and differentiation. The focus will be on the
electrospun materials as described in Chapter 2, that act as the cuff in the biphasic scaffold.
They will be compared to the commercial (uncoated) No.2 FiberWire suture, used in rotator
cuff repair. The main outcomes will focus on the difference in gene expression of the bulk

RNASeq experiment. The objectives of this Chapter are as follows:

1. To evaluate how cell viability is influenced by FiberWire (Fw) sutures or electrospun
(ES) filaments.

2. To assess cell morphology of cells seeded on ES fibres versus Fw sutures.

3. To investigate gene expression of fibroblasts seeded on ES filaments versus Fw
sutures, specifically relating to cell adhesion and proliferation, stress responses and

wound healing.

The hypotheses are
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1. Fibroblasts seeded on ES filaments will show a higher percentage of cell attachment
and a higher number of cells at the endpoint than those seeded on Fw sutures.

2. The morphology of the seeded fibroblasts will be elongated and spindle-shaped on ES
filaments but not on Fw sutures.

3. Fibroblasts seeded on ES filaments will exhibit an increased expression of genes
related to cell attachment and proliferation and a reduced expression of genes related

to inflammatory responses compared to those seeded on Fw sutures.

3.3 Materials and methods

3.3.1 Material preparation and sterilization

The manufacturing of ES PDO filaments has been described in Chapter 2. The commercial
equivalent used as a comparator was the No.2 FiberWire sutures (Arthrex, Naples, FL). The
No.2 Ethibond sutures (Ethicon, Somerville, NJ, US) was considered the standard suture in
rotator cuff repairs, which is a non-absorbable, braided polyester suture. However, polyblend
sutures with an ultrahigh-molecular-weight-polyethlyene (UHMPWE) have quickly taken
over in popularity due to their biomechanical excellence (/4, 118, 345). FiberWire is a non-
absorbable, braided suture made from UHMWPE and polyester with a core of UHMWPE
yarns and a suture diameter of 0.3-0.339 mm according to the USP size classification. The
uncoated suture type was used as the coated sutures have proven to be more abrasive in soft
tissue repairs (/16). Fw sutures and ES PDO fibres were prepared for cell seeding in the same
way. Nine sutures and filaments of about 40 cm in length were aligned in a parallel fashion
held down by tape on both ends. The rationale for nine filaments was based on the number of
filaments needed for the twisted structures in Chapter 2. Knots were tied using the same

material at every ~1.5cm interval so that samples could be cut between two knots. A bundle
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of nine was chosen because this is the minimum number of filaments used in the scale-up
experiments in Chapter 1 and because it meant that there would be enough material available
for at least three biological replicates. All samples were then placed in 10 cm petri dishes and
sterilized by submerging in 70% ethanol for two hours, washing three times in phosphate-
buffered saline (PBS, ThermoFisher, UK), and finally left to dry overnight in sterile
conditions. The next day, the petri-dish containing the sterilized samples was sealed with
Parafilm and stored in a desiccator until ready for use. Samples were stored for a maximum

of a week prior to use.

3.3.2 Cell culture and maintenance

Human foreskin (dermal) fibroblasts (HFF-1 cell line, ATCC) were maintained in growth
medium DMEM F12 (Lonza, UK) supplemented with 10% foetal bovine serum (FBS,
Biosera UK) and 1% penicillin—streptomycin solution (Gibco, UK). Due to the ongoing
Covid-19 pandemic no primary cells could be used for the purpose of this experiment and
therefore a cell line was chosen that exhibits similar properties to tenocytes. Dermal
fibroblasts are an ideal candidate because they are easy to harvest and culture and are similar
to tenocytes with regards to their morphology and gene expression, namely production of
collagen type I which constitutes the major collagen component of tendon fibrils (37, 346).
They have been hailed as a promising cell source for tendon engineering endeavors as well
(347-349). In fact, in a recent review by Chu et al. a pilot investigation into microarray data
comparing dermal fibroblasts and tendon fibroblasts revealed striking similarities at gene
expression level (37, 350). Cells and culture medium were regularly tested for mycoplasma
using a MycoAlert testing kit (Lonza, UK) according to the manufacturer's instructions. Cells
were used before passage 10 and were not cultured for longer than two weeks from the

moment they were taken out of the freezer until they were used for seeding (357).
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3.3.3 Cell seeding

Unless mentioned otherwise, the static cell seeding method was used throughout this Chapter
(Figure 3.1). Scaffolds (n = 4, biological repeats) were prepared for cell seeding by being
soaked in culture media for two hours at 37 °C, 5% CO,. The FBS used in the culture
medium provided a protein coating for the materials that benefits cell attachment. Fibronectin
and vitronectin are the two main adhesive proteins in the serum (352). These are
glycoproteins that support cell attachment by activating integrin receptors on the surface of a
cell. This then triggers a cascade of intracellular proteins to form focal adhesions, which are
important integrin receptors that communicate between the ECM and the actin cytoskeleton
within the cell to facilitate attachment (353, 354). Once cells had reached >90% confluency,
they were mechanically scraped from the tissue culture plastic and counted using a
hemocytometer counting-chamber device, before seeding on the scaffolds at different

densities and volumes.
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Figure 3.1 The static cell seeding method. Adapted from Kurzyk et al (355).
3.3.4 Assessment of initial cell attachment and proliferation
After seeding cells onto the scaffolds, the plate was placed in the incubator for two hours to
allow cells to attach (the seeding plate). Then, the scaffolds were transferred to a new 48-well

plate and topped up with fresh culture medium. The seeding plate was saved to assess
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attachment of the cells on day 1 by comparing the number of cells remaining in the seeding
plate and those that were on the scaffold. This was approximated by using a PrestoBlue assay
(Invitrogen, Paisley, UK) to measure metabolic activity, using a protocol previously
established (299). This is an oxidation-reduction-based assay in which resazurin, a blue non-
fluorescent dye, is metabolized by live cells and reduced to resorufin, a highly fluorescent
component. This can be detected by measuring fluorescence in a microplate reader and
obtaining a change in fluorescence intensity units (FIU) from day 1 to day 4, day 7 and day
14 (endpoint). It can therefore be used as a surrogate measure of cellular proliferation since it
is non-destructive to cells and so the same cell population can be evaluated at specified time
points. Briefly, culture medium in each relevant well was replaced with 400 pL of a 10%
PrestoBlue solution (v/v in DMEM) at selected time-points (day 1, 4, 7, 14 post-seeding) and
incubated for 1 hour at 37°C, 5% CO,. Afterwards, 100 pL of each sample was transferred in
triplicate to a white, flat-bottom 96-well plate (Corning, UK). Fluorescence was measured at
485nm excitation and 520nm emission using a FLUOstar optima microplate reader (BMG
Labtech, Germany). A well containing just the PrestoBlue solution was used to correct for
background signal. The scaffolds were then rinsed with PBS and transferred to new 48-well
plates containing fresh, pre-warmed cell culture media. Scaffolds were placed into new 48-
well plates with fresh medium every two to three days to exclude cells that had attached to
the bottom of the well plates. Furthermore, they were placed in new plates prior to every
PrestoBlue addition and then again transferred to a clean plate afterwards. The percentage of
cells that had successfully attached to scaffolds was quantified by determining the ratio of the
microplate readings (FIU) of the seeding plate and the scaffolds after day 1, corrected for
background, see equation below. The estimated cell number at each time point was then

calculated using the calibration curve mentioned previously described.
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s coll attach o FIU day 1 plate 100%
0 cell attachment = (FIU day 1 plate + FIU seeding plate) x °

(3)

3.3.5 Imaging samples

At day 1, 7 and 14, samples were fixed in 10% glutaraldehyde for one hour. They were then
washed in PBS and dehydrated in a series of ethanol washes for 10 minutes (40%, 50%, 70%,
90%, 100%, 100%). Finally, they were left in hexamethyldisilazane (Alfa Aesar, Haverhill,
MA, USA) overnight and the plate was sealed with Parafilm and stored in a desiccator until
ready for SEM imaging according to the method described in Chapter 2, section 2.3.7.
Measurements were taken using ImageJ software (National Institutes of Health, Bethesda,

Maryland, USA).

3.3.6 RNA extraction

At the endpoint (day 14), scaffolds were taken from the wells and transferred to sterilised
Eppendorf tubes containing 500 uL of TRIzol using sterile forceps (Invitrogen, Paisley, UK)
and stored in a -80°C freezer until ready for use. RNA extraction was performed using an
RNA Clean & Concentrator-5 kit with DNAse treatment (Zymo Research, USA) according to
the manufacturer's protocol (356). This protocol was adapted from the manufacturer’s
protocol and work done previously in this group (357) and is briefly summarized in Figure 2.
Each sample was thawed and topped up with 500 uL of TRIzol, to have a total volume of 1
mL of TRIzol. This was then transferred to a new, sterile GentleMACS M-tube (Miltenyi
Biotec, USA). The tube was inverted and placed in a gentleMACS dissociater (Miltenyi
Biotec, USA), set to run on a pre-defined agitation protocol and then centrifuged at 3.9x10' g
for 5 minutes at 4°C. The agitation and centrifugation were then repeated to maximize

extraction of RNA. Following this, the sample was centrifuged at 4.2x10* g for 8 minutes at
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4°C after which the supernatant was transferred to a new tube and 400 pL of 1-bromo-3-
chloropropane (Sigma-Aldrich, US) was added. This solution was briefly vortexed, incubated
for 5 minutes at room temperature and then centrifuged at 4.2x10* g for 20 minutes at 4°C.
The clear aqueous phase was transferred to a new tube, taking care not to take anything from
the intermediate phase, and an equal volume of 100% ethanol was added (Fisher
BioReagents, US). The solution was vortexed and transferred to a new Zymo-Spin IC column
with a collection tube. DNAse I treatment was added prior to eluting the RNA. This was done
to remove impurities in the sample caused by DNA contaminations and to prevent these from
being amplified in the sequencing run (358). One microliter of eluted RNA was used to
quantify the RNA concentration and purity of the samples on a NanoDrop 10000
Spectrophotometer (ThermoFisher Scientific, USA). Prior to each set of measurements, a
blank sample consisting of nuclease-free water was used. Four biological repeats were used
for each set, making a total of 24 samples. Cells seeded on tissue culture plastic (TCP) were
also added to the experiment and RNA was extracted from them as well. This was done to
compare the RNA concentration on the scaffolds using a baseline — since cell attachment was
not considered a problem for this group, but they were not further analysed for differential
gene expression. RNA was also extracted for samples at day 0. The absorbance at 280
(proteins and phenolic compounds), 260 (nucleic acids) and 230 nm (organic compounds)
was measured, and a ratio was calculated of 260/280 and 260/230 per sample. The first ratio
is used to assess the purity of RNA and a ratio of ~2.0 is considered acceptable as a rule of
thumb but is highly dependent on the composition of nucleic acid in the sample. Anything
less than 2.0 could indicate contaminations with proteins or phenol which absorb at 280 nm.
Another reason for a low ratio could mean that there is a very low concentration of nucleic
acid to measure (> 10 ng/uL). The second ratio indicates the purity of nucleic acid which

should be in the range of 2.0-2.2 (indicated by a horizontal dotted line in Figure 14B), with a
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lower value suggesting contaminants in the sample that absorb at 230 nm. For example,
TRIzol is a phenolic solution which absorbs at 230 nm (359). The samples were then diluted
to 100ng in 50mL nuclease-free water in a LoBind 96-well plate (Sigma-Aldrich) and stored

in -20°C until ready for the next step. The extraction method is briefly summarized in Figure

Extraction of Separation into DNAse | Eluted RNA
Sample in TRIzol RNA phases treatment

3.2.

Figure 3.2 Schematic of the RNA extraction protocol based on separation the RNA into an aqueous (1), intermediate (2) and
organic (3) phase. DNAse treatment is applied to the isolated RNA (4) to elute it. Finally, each sample is diluted and stored
in a LoBind plate. Samples here mean the scaffolds seeded with cells.

3.3.7 RNASeq library preparation and sequencing

About 90% of RNA originating from human cells consists of ribosomal rNA (rRNA), which
needs to be removed prior to sequencing to achieve reads from the relevant messenger RNA
(mRNA) and to gain information about gene expression at a lower sequencing depth (360).
This can be done using either the RNA depletion method (negative selection) or the
polyadenylated RNA (polyA) method (positive selection) (367). The latter was used for the
library preparation of the samples in this thesis. Briefly, mRNA was isolated by binding of its
polyA tail to oligo-(dT) magnetic beads. These consist of chains of deoxythymine (dT)
nucleotides which are complimentary to the 3’ end of the polyA-tail of the mRNA molecules.
Any particles without a polyA-tail, such as rRNA, can therefore be discarded. RNA library
preparation was performed using the NEBNext Ultra II Directional RNA Library Prep Kit for
[Mlumina with polyA selection (New England Biolabs, MA, USA), following the
manufacturer’s instructions. All reagents were purchased from New England Biolabs, USA.
First, the samples were isolated from rRNA, see Figure 3.3. Oligo-dT beads were washed

using RNA Binding Buffer (2X) and 50 pL of beads were added to individual (diluted)
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samples to isolate the mRNA (Figure 3.3, step 1). This was then placed in a thermal cycler
(Veriti 96-well Thermal Cycler, Applied BioSystems, ThermoFisher, UK) set at 65°C for 5
minutes with a cool-down to 4°C to denature RNA and facilitate binding of mRNA to the
beads (Figure 3.3, step 2). The beads were then washed in 200 pL of Wash Buffer to remove
RNA that had not bound, and the supernatant was discarded. Then, 50 puL of Tris Buffer was
added and the sample was placed in the thermal cycler (80°C for 2 minutes, held at 25°C with
a heated lid set at 90°C) for the first elution of mRNA from the beads. To allow mRNA to re-
bind to the beads, 50 uL. of RNA Binding Buffer (2X) was added and the sample was
incubated at room temperature for five minutes (Figure 3.3, step 3). The supernatant was
discarded, and washing was repeated with 200 pL of Wash Buffer. To prepare for
fragmentation and priming, mRNA was eluted from the beads by adding 13 pL of First
Strand Synthesis Reaction Buffer and Random Primer Mix (2X) to the sample, incubating at
94°C for 15 minutes and holding at 4°C in the thermal cycler. Random primers have a short,
random sequence of nucleotides (usually 6) and are used as unbiased candidates to bind to
RNA fragments to ensure that most of the strand is covered so that it can be amplified in the
PCR reaction later on (362). The supernatant, containing the now fragmented and primed
RNA (without beads), was transferred to a new PCR tube, and placed on ice (Figure 3.3, step

4).

&
-~

@ Poly d(T) Magnetic Beads -~ mMRNA ~m ~m Total RNA

Figure 3.3 Schematic depicting the rRNA removal process by adding oligo-dT beads (1) that bind to the polyA-tail of
mRNA molecules (2) so that the supernatant containing unwanted particles can be discarded (3) and the mRNA can be used
(4). Image reprinted with permission from the Zymo Research Corporation.
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Strand Specificity Reagent and First Strand Synthesis Enzyme mix was added to the RNA
and the sample was incubated in the thermal cycler for 10 minutes at 25°C, 15 minutes at
42°C, 15 minutes at 70°C and then held at 4°C. Second Strand Synthesis Reaction Buffer
(with dUTP Mix 10X), Second Strand Synthesis Enzyme Mix and nuclease-free water was
then added, and the sample was incubated for 1 hour at 16°C. The dUTP (deoxyuridine
triphosphate) method is used to generate double-stranded cDNA from the first-strand cDNA.
Briefly, this involves the incorporation of uracil nucleotides into the second strand, so that it
can be marked for degradation before the PCR amplification step later. This ensures that only
the first strand, containing the original RNA information, will be sequenced (363). To purify
the double-stranded cDNA, 144 pL of Sample Purification Beads were added to the sample,
incubated for five minutes at room temperature, and washed twice with 200 pL of freshly
prepared 80% ethanol. The beads were air dried for five minutes before eluting the DNA with
55 uL of 0.1X TE buffer. Finally, 50 pL of the supernatant (containing the synthesized
double-stranded cDNA) was removed and transferred to a clean PCR tube to which the End
Prep Reaction Buffer (10X) and End Prep Enzyme Mix were added to finalize the
preparation of the newly formed cDNA library by adding a non-templating ‘A’-base to the
3’-end (dA-tailing) of the synthesized fragments. This was incubated in the thermal cycler for
30 minutes at 20°C, 30 minutes at 65°C and held at 4°C. See Figure 3.4 for a simplified

overview summary of the RNA library preparation workflow thus far.
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Figure 3.4 A simplified summary of the cDNA synthesis reaction. The enzyme mixes are added to the mRNA (A) that has
been cleared of rRNA (B1), fragmented and primed (B2) so that the cDNA synthesis can take place (B3 and 4). After
purification, the library prep is finalized (C) by dA-tailing (D6) to prepare for adaptor ligation. Image B and D reprinted
from www.neb.com (2022) with permission from New England Biolabs, Inc.

The newly synthesized end prepped DNA was mixed with Adaptor Dilution Buffer (50-fold
dilution), Ligation Enhancer and Ultra II Ligation Master Mix and incubated for 15 minutes
at 20°C for adaptor ligation. Briefly, in this process oligonucleotides with known sequences
(adaptors) are attached to both ends of cDNA fragments, looping them together. Then, USER
Enzyme was added, and the sample was incubated again for 15 minutes at 37°C.

To purify the ligation reaction, 87 puL (0.9X) of Sample Purification Beads was added to the
sample, incubated for 10 minutes at room temperature, and washed with 200 pL of freshly
prepared 80% ethanol twice. Supernatant was removed and the DNA was eluted by adding 19
uL 0.1X TE buffer to the beads. Proceeding to the PCR amplification, 15 pL of the

supernatant was transferred to a clean PCR tube. Ultra IT Q5 Master Mix, Universal PCR
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Primer (i5) and Index (X) Primer (i7) were added to the adaptor ligated DNA sample and
incubated for 30 seconds at 98 C for initial denaturation, eleven cycles of 10 seconds at 98 C
for and 75 seconds at 65 C for denaturation and annealing, and five minutes at 65 C for the
final extension. The 15 and 17 primers add unique indexing sequences to the DNA samples
and add P5 and P7 sequences, which allow the Illumina sequencing platform to recognize the
libraries and bind them to the correct location in the flow cell. The 17 primer also allows each
sample to have an individual barcode attached that will make it identifiable in the down-
stream analysis. The PCR amplification serves to increase the size of the library for
downstream processing. Then, 45 pL (0.9X) of Sample Purification Beads were added to the
sample, which was incubated at five minutes and supernatant was removed to purify the
DNA. The beads were washed with 200 uL of freshly prepared 80% ethanol twice, DNA was
eluted by adding 25 pL 0.1X TE Buffer and 20 pL of the supernatant was transferred to a

clean PCR plate. See Figure 3.5 for a simplified summary.

Quality and size of the libraries (24 in total) was determined using the Agilent 4150
TapeStation (Agilent Technologies) with high-sensitivity D1000 tape, using 1uL of library.
After confirming that the electropherogram showed a narrow distribution with a peak size at
around 300 base pairs, the libraries were pooled. As a final step prior to sequencing, the
pooled libraries were denatured with freshly diluted 0.2 N NaOH and 200 mM Tris-HCI, pH
7 to 20 pM and diluted to 1.8 pM with a prechilled HT1 hybridization buffer, according to the
[Mlumina NextSeq system manufacturers protocol. This denatured and diluted library was then
run on an [llumina NextSeq 500 sequencer using the 75 cycles NextSeq 500/550 High Output
kit (I1lumina). The sequencing data was saved directly to the BaseSpace Sequence Hub, a

cloud-based genomics computing environment (Illumina).
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Figure 3.5 A simplified summary of the adaptor ligation and PCR amplification. The enzyme mixes are added to the end
prepped DNA (A) to attach the adaptors (1). Then, the USER enzyme is added (B) to remove the uracil nucleotides (2) and
prepare the strands for the i5 and 17 primer attachment (C). This allows the PS5 and P7 sequences, including barcode to attach
(3) for the PCR enrichment to increase the library size (4). Image 1-4 reprinted from www.neb.com (2022) with permission
from New England Biolabs, Inc.

3.4 Data analysis

3.4.1 Cell seeding and proliferation data analysis

Data analysis for this Chapter was performed solely by me. GraphPad Prism 9 (GraphPad
Software Inc, San Diego, CA, USA) was used to analyse the cell attachment and proliferation
data. Data is plotted as mean =+ standard error of the mean (SEM). This was used because the
individual replicates (n = 4) had three technical repeats per experiment and each repeat is an
average value of those replicates. The standard error therefore reflects the average of the
standard deviation of the separate experiments. A one-way ANOVA with a Tukey’s post-hoc

test was used to determine differences between seeding volumes within each material group
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and to test whether between the same seeding volume there was any difference in seeding
numbers. A two-way ANOVA with a Tukey’s post-hoc test was used to determine any
differences between cell numbers and fold change at specific time-points and between
materials. A simple linear regression was performed to calculate the approximate number of

cells that had attached to the materials.

3.4.2 RNASeq analysis

The complete RNASeq workflow used in this Chapter is summarized in Figure 3.6.
Sequencing was performed using [llumina equipment and kits and raw FASTQ files were
downloaded from BaseSpace. The next steps involved computational analysis using the
FASTAQ files as input. These were processed using the Miniconda package derived from
Anaconda (364), based on the Python programming language (Python Software Foundation,
https://www.python.org/), and their quality was assessed using the Java-based quality control
tool FastQC (Babraham Institute, University of Cambridge), for high throughput sequencing
data(365). Quality control reports were generated with the FastQC and MultiQC tools (366).
Using kallisto (367), a pseudoalignment tool that quantifies on a transcript level instead of a
gene level, reads were then mapped to the GRCh38.p13 reference transcriptome (368) that
was downloaded from the Ensembl Project (369). Exploratory data analysis, differential
expression and pathway analysis was performed in R and R Studio (R Foundation for
Statistical Computing, Vienna, Austria) using the DESeq2 package (370, 371) and by
following online tutorials (372-374). Data was visualised using the EnhancedVolcano (375)
and ggplot2 packages (376). Gene set enrichment analysis was performed using the
clusterProfiler package (377). Other packages that were used are cited throughout this
Chapter where applicable. The full reproducible code for analysis conducted in Python and R

is available in Appendix A, with reference to the online tutorials as well.

104



Biological evaluation of electrospun filaments

2 | Cell culture |
©
<
s |
©
S | RNA extraction |
£ J'
g
Ry | Library prep |
=4 , _
S RNA sequencing =
C
g 3
>3

g @
%) Raw FastQ data
)
2 | Quality control |
2 l )
© =
“© . >
|5 |Mapp|ngto genome| S
Ic
=}
g— | Counts matrix |
(o]
3 |

DEG analysis =

Figure 3.6 Workflow of RNASeq performed in this Chapter, consisting of three separate phases and commodities.

3.4.3 Normalising gene counts

Differential expression (DE) analysis was performed using the DESeq?2 package (3717) by
normalising the raw counts, estimating dispersion, fitting data with generalised linear models,
and applying the Wald test to the designed formula. Prior to the analysis, the dataset was pre-
filtered to remove genes that had less than 10 counts across all samples. This allows accurate
examination of DEGs by removing outliers, increasing the number of DEGs, and speeding up
the analysis by reducing the size of the data required for computation (378). Using a single
command, DESeq?2 estimates size factors, gene-wide dispersion and fits a model to the data.
The assumption underlying the methodology is that genes that are similarly expressed will
have a similar dispersion, and thus DESeq?2 ‘shares’ information across these genes to
accurately estimate dispersions using maximum likelihood estimates (377). The ‘ashr’
method was used to apply shrinkage of logarithmic fold change (379). It is stressed here that
data pre-processing has been found instrumental in refining the differential expression

analysis for RNA-Seq data and often involves a series of procedures (3717, 380). For example,
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DEGs can be identified inaccurately due to poorly normalised data that is skewed by not
considering many contributory factors such as sequencing depth (library size), library (RNA)
composition, and gene length (387). Therefore, the normalization technique used during the
DE analysis was performed based on the median of a ratio method (introduced below) by
considering these factors to avoid over- or under-estimated normalization counts caused by
unequal sequencing depth or highly expressed genes in some samples. This makes it the
preferred method over other normalization methods such as reads per kilobase million
(RPKM), fragments per kilobase million (FPKM) and transcripts per kilobase million (TPM)
(382-385). Suppose there is sample A and B with respective counts for gene X, Y and Z
(Figure 3.7). For each gene, DESeq2 calculates a pseudoreference value by multiplying the
counts (i.e., geometric mean) across the two samples and taking the square root of it. Then,
for each gene, the sample ratios are calculated by dividing the count of this gene in sample A
and B by their pseudoreference values, respectively. Since many genes will not be
differentially expressed, these values will likely look similar across the genes in a sample.
After, the normalisation factor for each sample (size factor) is calculated by taking the

median value of all ratios for genes within the sample.
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1. Raw counts table
sample A sample B

GeneX 143 2912
GeneY 32 17
GeneZ 112 3

2. Calculate pseudoreference
sample A sample B pseudoreference

GeneX 143 2912 [(143 + 2912) = 645.30
GeneY 32 17 V(32=17) = 23.32
GeneZ 112 3 V112 « 3) = 18.33

3. Calculate size factors

sample A sampleB pseudoreference ratio sample A ratio sample B
GeneX 143 2912 J([143 * 2912) = 645.30 143/645.30=10.22 2912/645.30 =4.51
GeneY 32 17 \/(3_2 *17) = 23.32 | 32/23.32=137 17/23.32=10.73 | «—— 4. Find median (size factor)
GeneZ 112 3 V112 +3) = 18.33 112/1833=6.11 3/1833=0.16

4. Normalize gene counts

sample A sampleB pseudoreference ratio sample A ratio sample B normalized count normalized count
sample A sample B
GeneX 143 2912 [(143 + 2912) = 645.30 143/645.30 =0.22 2912/645.30 =451 143/1.37=104.38 2912/0.73 = 3989.04
GeneY 32 17 \/'(3_2 «17) = 23.32 32/23.32=1.37 17/23.32=0.73 32/1.37=23.34 17/0.73 = 23.29
GeneZ 112 3 V112+3) =18.33 112/1833=6.11 3/18.33=0.16 112/137=8175 3/0.73=4.11

Figure 3.7 Worked example for normalization using fictional numbers and gene names.

The median is also used to prevent the value from being swayed by extreme numbers too
much in one direction. Due to the scarcity of extremely overexpressed genes appearing in the
samples, one can imagine that the normalization factors of most of genes will be tightly
distributed around 1. The normalised count of a gene in either sample is therefore given by
dividing its raw count by its normalisation factor. Furthermore, log transformation (log base
10) is applied to the normalized counts to compress the largely varying data into
comprehensive plots (see Results). Once the gene expression data is pre-processed, DESeq2
estimates gene-wide dispersions and measures the data variability by adopting a negative
binomial distribution (Gamma-Poisson) that models the gene counts using the following
equation (371):

Kij ~ NB(u;j, a;)
(4)

whereby

K;; = raw count for gene i1 in sample j
ui; = the fitted mean
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a; = one dispersion per gene
The DESeq2 model fits estimating coefficients (log, fold changes) and standard errors for
each sample group. To compare this outcome between groups, the Wald statistic is used
based on the dispersion and coefficient parameters. There is no differential expression in
genes between the compared groups if the null hypothesis made for the DE analysis is
accepted, while at least one DEG is detected between the compared groups if the null
hypothesis is rejected. It has been suggested that the significantly large number of statistical
tests can expand the likelihood of false positives, especially for RNA-seq data. This is also
known as the multiple testing problem. The adjusted p-value (padj) is introduced to correct
for multiple testing and is calculated here using the Benjamini-Hochberg (BH) correction of
5% false discovery rate (FDR). The FDR leads to increased p-values, making them less likely
to be significant. The BH method orders all p-values from smallest to largest and gives them
a rank (7). Then, each p-value’s BH critical value is calculated as such:
i
()
(5)

whereby the p-value’s rank (7) is divided by the total number of tests performed (n) and
multiplied by the FDR (Q), which is set to 0.05. This cut off means that the proportion of
false positives in the differentially expressed genes will be no more than 5%. To enhance
visualisation of the distance and clustering of samples, the normalized gene counts were
transformed first to control the variance across the mean. Because the current dataset is small,
regularized logarithm transformation (rlog) was applied rather than variance-stabilizing
transformation (vst). Note that the transformation was blinded to the type of samples. This
transformed object was then used for the following methods. Principal component analysis

(PCA) has been widely used as a linear dimensionality reduction technique to identify major

108



Biological evaluation of electrospun filaments

components that characterize a given data matrix by projecting the data onto axes where the
data variance can be maximized (386, 387). We used this technique to find differences
between the samples and for visualisation purposes we showed the major components in two-
dimensional space. Briefly, the data is reduced by shrinking it to a minimized number of
variables that are not correlated (“principal components’) and can represent the raw data as
completely as possible. This results in the data being summarized from a high dimensional
space into a 2D graph that can easily be interpreted (370, 388). PCA measures the correlation
between all variables by breaking down the matrix geometrically into a magnitude
(eigenvalue) and direction (eigenvector). The way PCA works is that the first PC accounts for
the largest variation, the second for the second largest variation and so on — if they are
unrelated to each other. These PCs can be selected based on the eigenvalue criterion, the
proportion of variance criterion or the scree plot criterion (389). The sum of the variables
entered in to the PCA should be equal to the sum of the eigenvalues calculated; the
eigenvalue criterion states that only eigenvalues with a value greater than 1 should be kept.
The proportion of variance criterion is achieved when the cumulative variance of the chosen
PCs exceeds >80%. Hierarchical clustering was performed by calculating the Euclidian
distances between genes using the r/og-transformed data. The Euclidian distance measures
the distance between two points in Euclidian space and is calculated using Pythagoras’
theorem (390). Consider, as an example of projection into 2D space, the coordinates of
samples A (x;, x2) and B (y1, 1) where x; and x; represent the normalized counts of gene 1
and gene 2 in sample A and y; and y, represent the normalized counts of gene 1 and gene 2 in

sample B. The Euclidian distance (d) between them is then calculated as:

d = V((x, = y1)?* + (x; = ¥,)?) (6)
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3.4.4 Quantification of alignment

Quality control of the dataset was performed prior to analysis in R. Kallisto works on the
premise of pseudoalignment (367). Briefly, kallisto maps reads to a known transcriptome (in
this case human) by searching for specific strings of £ nucleotides in a DNA sequence (k-
mer). An index is built firstly of all k-mers in the transcriptome. Then, kallisto deconstructs a
given sample into k-mers and finds the corresponding k-mer in the index, which makes the
alignment process much faster and lighter. Figure 7 shows the alignment score of the
individual samples. The blue bar indicates the percentage of reads that kallisto was able to
map to the transcriptome, while the red bar are reads that have not been aligned. Generally,
reads from a sample with the percentage of mapped reads below 50% are considered a low-
quality alignment. In this dataset, there is one sample from the FWO0 group that scores just
below 50%, but it was not excluded from further analysis. Overall, it can be seen in Figure
3.8 that reads from most of the samples are mapped in high quality with alignment scores

exceeding 85%.
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Figure 3.8 Alignment scores provided by kallisto. The blue bar indicates the percentage of pseudoalignment, whereas the
red bar indicates the counts that were not aligned.
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3.4.5 Exploratory data analysis

As shown in Figure 3.9, DESeq?2 yields a model that fits our dataset uniformly and smoothly
(most of the data changes are clustered around the red line), which indicates good dispersion
estimates. The dispersion estimates of the genes (black dots) are plotted against the mean
values of normalized counts and are parameters for the negative binomial models with which
DESeq?2 fits the available data (red line). The blue dots represent the corrected dispersion
estimates of the genes after being shrunk towards the fitted line, with the outliers visualised
as black dots encased in blue. Shrinkage is applied to reduce the likelihood of false positives
in the downstream differential expression analysis and is especially important in datasets with
small sample sizes (n <3). Dispersion is commonly highest for low read counts and lowest

(i.e., the red line plateaus) at higher counts.
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Figure 3.9 Dispersion plot of the current dataset involving all samples.

3.4.6 MA plots
A further diagnostic criterion to roughly check difference in expression levels across all
genes is the MA plot, showing the log; fold change of genes (M for log-intensity ratio)

against the mean of normalized counts (A for log-intensity average) between two groups
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(372). In this plot, the logarithm to base 2 is used on the y-axis, meaning that a doubling of
the gene expression (fold change > 1) is equivalent to a log, fold change of 1, whereas a
halving of gene expression (fold change < 1) equals a log fold change of -1. Since most genes
are not differentially expressed (fold change = 1), they will be clustered at M=0 where the Ifc
of 1 is equal to 0, which normally renders a trumpet-shaped plot. Therefore, the blue dots
above the zero line indicate up-regulated genes, whereas the dots below it indicate down-
regulated genes. Figure 3.10 shows four different MA plots for each comparison that is made,
with the second term being the group that is compared against the other one of interest (i.e.
the ‘reference’ group). The least expressed genes are seen between electrospun (ES) and
FiberWire (FW) samples on day 14. Genes that are expressed at a Ifc higher or lower than

two are indicated as triangles.
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Figure 3.10 MA plots of overall gene expression, between ES14 and FW14, ES14 and ESO and FW14 and FW 0.
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3.4.7 Calculation of volcano plots and heatmaps

Volcano plots are depicted in Figure 19, which are scatter plots with -log(10) of unadjusted
p-values (significance) plotted on the y-axis against the log, fold change of expressed genes
(effect). As described in the MA plot above, the log; fold change is used here on the x-axis to
represent fold changes, rather than absolute ratios. The log,(x) formula denotes that to
achieve x, the number 2 must be raised to a specific power, which makes it a more
compressive term to use when discussing gene expression levels rather than the native fold
change. For example, consider gene A with expression 5 and gene B with expression 10. The
fold increase would be B/A =2, but on a logarithmic scale this value would be displayed at
x=1, since 2' = 2. Conversely, if we look at A/B = 0.5, this would be plotted on x = -1 since
21 =0.5. Vertical dashed lines are drawn at x = 1 and x= -1 to indicate these points. Using
the log, base over absolute numbers centres the values around 0, makes them symmetrical
and is therefore easier to see any changes in the positive or negative direction. This symmetry
is then visualized as a volcano plot. P-values are plotted on the y-axis and are converted into
—log,o(p) first so that lower p-values are plotted towards the top. By default, the p-value
cut-off is set at 10, translating to —log;,(0.00001) = 5, which is shown as the horizontal
dashed line. The raw p-value is used rather than the adjust p-value (also known as g-value) to
preserve all information at this stage. Genes plotted in the top left- or top right quadrant

(down-regulation or up-regulation) are those of interest, specifically the ones marked in red.

The sample-to-sample distance heatmap (Figure 18) was plotted using Pearson’s correlation
coefficient. This is used to quantify the linear relationship (i.e., distance) between two points
in a single metric. The coefficients range from -1 to 1, with the two boundaries indicating a
perfect negative correlation and a perfect positive correlation, respectively. Dots of two
samples residing on the diagonal correspond to a coefficient of 1. The heatmap clustering

samples according to DEGs was generated using the ‘pheatmap’ package (3917), with clusters
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displayed on the left-hand side and sample names on the bottom row (Figure 20). Briefly,
after clustering of the samples, normalization is applied to the raw gene expression values
using the Z-score value, given by:

(gene count in sample X) — (mean count across all samples)

7 =
score SD of all measured counts across all samples

(7)

These values are reflected by the colour scale bar on the right-hand side of the heatmap. The
goal is to visually qualify differences between samples but not to quantify the difference in
gene expression. The scale is set from 4 (red) to -4 (yellow), whereby a positive Z-score
means that the expression of a gene for a particular sample is above average across all the
samples and a negative score means that the gene expression is below average. In other
words, this method is used to centre the data and to visualize the variance between the data,
1.e., how gene expression values deviate from the mean indicated as 0 in the colour scale.
Any blocks that are coloured ‘0’ are therefore genes that are at an average expression level

compared to other samples.

114



Biological evaluation of electrospun filaments

3.5 Results

3.5.1 There is no difference in proliferation rate of cells on ES filaments and Fw
sutures

Cells were seeded on ES and Fw in pre-defined densities (5.0x104, 1.0x10*, 2.0x10°, and
2.5x10° cells in 5, 10 or 20 uL) to firstly investigate what the proliferation would be over
time between ES and Fw sutures and what the optimal number of cells would be to work with
for downstream analysis, i.e., would a lower seeding density result in similar cell numbers
after 14 days of culture. Initial cell attachment was low across all samples (ES and Fw) and
densities (Figure 3.11). Cell numbers increase over time across all samples, but, overall,
absolute cell numbers were the highest for samples seeded with 2,5-10° cells in 20 uL

(5.8x10* for Fw vs. 2.1x10* for ES, Figure 3.12).

Results for RNA concentration across the samples are given in Figure 3.13A. The ES groups
have the lowest overall concentration of RNA (10 ng/uL), while the TCP groups have the
highest (80 ng/uL). However, the differences between the samples in the FW0, FW14 and
TCPO groups are comparable. The ratio of absorbance is given in Figure 3.13B, with the dark
grey bars indicating the 260/280 ratio and the light grey bars indicating the 260/230 ratio.
Most samples have an acceptable 260/280 ratio, except for FW day 0, which is most likely
due to a low concentration of RNA since samples were collected two hours post-seeding
which leaves little chance of cell attachment or proliferation. The 260/230 ratio is below the
dotted line for many samples with no obvious pattern per material or time-point. The most
likely cause is that traces of the reagents used in the extraction process (most notably TRIzol)
remained after the washing steps. Considering that cell numbers were quite low to start with,

no samples were excluded from sequencing.
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Figure 3.11 Seeding efficiencies for ES filaments and Fw sutures for different seeding densities.
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Figure 3.12 Change in cell number over the 14-day culturing period with derived absolute cell numbers for ES filaments and
Fw sutures in different seeding densities per time-point (day 1, 4, 7 and 14).
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Figure 3.13 RNA concentrations (A) and absorbance ratios of 260/280 and 260/230 (B) measured for each sample after
RNA extraction and prior to library preparation. The blue dotted line indicates the lowest RNA concentration possible to
sequence (A) and an acceptable ratio of purity (B). ES = electrospun filaments, FW = FiberWire sutures, TCP = tissue
culture plastic, 0 = day 0, 14 = day 14.

3.5.2 At the endpoint, cells display an elongated shape on ES sutures

Figure 3.14 shows the images of seeded scaffolds on day 1, 7 and 14 for FiberWire sutures
(top row) and electrospun sutures (bottom row). Scaffolds are seeded with 2,5-10° cells in 20
pL and imaged at a magnification of 750x. Cells are pointed out with red arrows. The shape
of fibroblasts seeded on electrospun filaments is noticeably different from the ones on FW
sutures — they are more elongated and spindle-shaped across the time points compared to
their counterparts on the FW sutures, resembling the morphology of resident tenocytes within
tendon ECM. The diameter of individual filaments was measured using Imagel and was 22.4

pm + 1.6 for a filament within a FW suture and 3.9 pm + 0.6 for that within an ES suture.

117



Biological evaluation of electrospun filaments

FiberWire sutures

Electrospun filaments

Figure 3.14 SEM imaging of cells seeded on ES filaments and Fw sutures over a 14-day period. These are seeded with
2,0-10° cells in 10 puL. Red arrows point to cells on the respective scaffolds. Images taken at a magnification of 750x.

3.5.3 Samples mostly cluster according to time-point rather than material type

The principal component analysis (PCA) is plotted in Figure 3.15. The calculation behind this
is explain in Section 3.4.3. Clustering is defined as follows: each dot represents an individual
sample and is coloured according to the group it belongs to (see key). There are four groups
in total, with two different materials (‘electrospun’ and ‘fiberwire’) and two different time-
points (day ‘zero’ and ‘fourteen’). The two principal components (PC) plotted here together
account for 68% of the variance in the dataset, with most of the variance plotted along PC1
(50%). The time-points are the main contributors for the spreading of the data-points,
whereas the material type does not seem to influence the clustering behaviour. There is little
separation along the y-axis (PC2), accounting for 18% of variance. This PCA accounts for
less than 80% of the total variance, meaning that there might be unknown confounding
factors in the experimental design that could explain the missing variance (392). A screeplot
was generated to elucidate the data variance (Figure 3.16). Cumulatively, it seems that 6-7 of

the PCs would account for >80% of the variance.
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Figure 3.15 PCA plot of the current dataset, with samples split per group. Group ‘electrospunfourteen’ marks samples of ES
filaments harvested on day 14 of cell culturing, whereas ‘fiberwirezero’ would be samples of Fw sutures harvested on day 0
of cell culturing, etc.
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Figure 3.16 Screeplot of the current dataset. The main principal components are PC1 en PC2 which relate to time-point and
material, respectively.

Data was further explored by hierarchical clustering and visualised in a dendogram and
heatmap presented in Figure 3.17. The cluster distance (“Height) is portrayed on the left-side
of the dendogram, which indicates the (dis)similarity between clusters. The higher the value,

the less similar the clusters are. There are two main branches which hold all the time-point
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fourteen samples on the left-hand side and the time-point zero samples on the right-hand side.
The right-hand branch splits into two with the right-hand branch holding two samples from
the ‘electrospunfourteen’ group, and one outlier which is a ‘fiberwirezero’ sample. The
heatmap (Figure 3.18) gives a slightly different clustering compared to the dendogram.
Again, the two main groups seem to be split into the different time-points, with the left-hand
side of the map holding nearly all the time-point fourteen samples. The only exception is one
electrospun fourteen sample, similar to the dendogram except the latter sample is further
apart. The calculations for the dendogram and heatmap are explained in Section 3.4.3. In
summary, there is no clear separation of all samples into the four respective groups. All
samples were handled in the same manner before, during and after sequencing. However,
RNA extractions, RNA library prep and sequencing was performed over the course of a few
days, meaning confounding factors could have been introduced that might have influenced

the outcome of the experiments.
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Figure 3.17 Dendogram of the current dataset. Samples are named according to which group they belong to, e.g.,
‘fiberwirefourteen’ refers to a FW suture at day 14.

120



Biological evaluation of electrospun filaments

timepoint I 1 timepoint

(AT rarm

. R4ESD14S2 0.998 || zero
. R1FWD14S21 material
- R1ESD14S5 0.996 glecIrQSpull
O R2FWD14S23 fiberwire
. R4FWD14517
. R2ESD14S9
. R3FWD14S7
. R2ESD0S16
- R2FWD0S13
. R1ESDOS8
. R3FWDO0S4
. R4ESD0S18
. R3ESDOS11
. R4FWDO0S15
. R1FWDO0S24
R3ESD14S6

0.992

osvraszex [}

ZsSy1as3vy
12SrIamdty
SSYTAs3Ty
€2SyTamdey
LISYTAMdry
6Sy1as3cy
LSYTAMdeEY
91S0as3zy
€1S0aMdzy
8S00S3TH
ySoamdey
81S0AS3ry
T1S0as3ey
STS0aMdry
¥2S0aMdTy

Figure 3.18 Sample-sample distance heatmap. The sample names are indicative of the repeat (R1-R4), material type (FW or
ES), time-point (DO or D14), and number of sample in the batch (S1-S16). Time-point (‘fourteen’ and ‘zero’) and material
type (‘electrospun’ and ‘fiberwire’) are indicated in the top bars of the map.

3.5.4 There are few DEGs between ES and FW sutures at day 14

Each comparison is plotted in a separate volcano plot (Figure 3.19). The second term in the
title is the group that is compared to and used as baseline, e.g., ES 14 vs FW 14 means that
the cluster of electrospun samples at day 14 is compared against those of FiberWire at day
14. A total of 21999 genes were tested (padj < 0.05), of which 4265 (19.0%) were not
included due to a low mean count, 1279 (5.8%) were up-regulated and 1080 (4.9%) were
down-regulated (Figure 3.19A). These results were then split to focus on differentially
expressed genes (DEGs) between groups. The materials compared at endpoint (ES14 v
FW14, Figure 3.19B) yielded 324 (1.5%) up-regulated and 73 (0.33%) down-regulated
genes. For ES 14 v ES 0 (Figure 3.19C) there were 1123 (5.1%) up-regulated genes and 1327
(6.0%) down-regulated. This was similar to FW 14 v FW 0 (Figure 3.19D) with 957 (4.4%)
up-regulated and 1606 (7.3%) down-regulated genes. The null hypothesis for each gene in the
dataset is that there is no differential expression of genes between electrospun and FW

sutures at the endpoint (day 14).
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A heatmap was generated to see how samples cluster according to DEGs (Figure 3.20). It is
evident that the samples cluster well in their respective time-points, but not with respects to
the material. The samples in time-point fourteen all cluster together in the middle, for
electrospun and fiberwire alike, whereas time-point zero samples show a mix of electrospun
and fiberwire on the left- and right-hand side. This pattern is similar to the PCA plots,

dendogram and sample-to-sample heatmap shown previously.

Then, the top 20 differentially expressed genes were then ranked by padj per comparison and
plotted by their normalised count values using the logarithm base 10 (see Methods). The first
plot (Figure 3.21A) shows the genes that are most expressed across all samples. Each dot
represents a sample and is coloured according to the group it belongs to, similar to the PCA
plot. Along the bottom row the gene names are shown in alphabetical order. The RP11 genes
are manually annotated genes from the Vertebrate Genome Annotation (Vega) database and
do not have approved symbols available for the gene locus yet (393). Furthermore, gene
names including ‘orf” (e.g., C150rf52), relate to an ‘open reading frame’ meaning that this
sequence does not include a stop codon and therefore does not code for a protein (394).
Lastly, the CH507 gene is uncharacterized and will not be discussed in this Chapter. All log,
fold changes (lfc) are given with respect to the second group in the title. For example, if gene
X is up-regulated in a plot of group A vs. B, this means it is up-regulated in group A
compared to group B. ES 14 is compared to FW 14 in Figure 3.21B. Most genes are up-
regulated in the former group apart from collagen type VII al chain (COL7A1) and zinc
activated ion channel (ZACN) which are both down-regulated (Ifc -1.94 and -2.53
respectively). Intestinal cell kinase (/CK) is highly expressed in every sample in the FW14
group but is severely down-regulated in the ES14 group (Ifc -21.00). Figure 3.21C shows the

DEGs between ES14 and ESO. More genes are up-regulated in the ESO group, except for
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actin binding LIM protein family member 3 (4BLIM3, lfc 2.56), cyclin D1 (CCND1, lfc
1.76), integrin subunit alpha 2 (/ITGA2, 1fc 2.39), 5'-nucleotidase ecto (NTSE, 1fc 1.96),
neurotrimin (NTM, lfc 2.39), progestin and adipoQ receptor family member 5 (PAQRS, Ifc
2.10), and tripartite motif containing 55 (TRIMS55, 1fc 2.88). The largest difference in
expression between these groups is in semaphorin 4A (SEMA4A, 1fc -4.53) and Wnt family
member 2 (WNT2, lfc -3.86), which are all down-regulated in ES14 compared to ES0. FW 14
is compared to FWO in Figure 3.21D, in which nearly all genes are up-regulated in the latter
group. ITGA2 (Ifc 2.33) and NTM (Ifc 2.84) are the only ones that are up-regulated in the
FW14 group. The largest differences are in the expressions of carboxypeptidase A4 (CPA4,
Ifc -4.92), protein tyrosine phosphatase receptor type Q (PTPRQ, lfc -6.26) and SEMA4A (Ifc
-4.78), all down-regulated in the FW 14 group. The significance and relevance of these genes
is further elaborated on in the Discussion part of this Chapter. Gene expression analysis was
also performed on cells cultured on tissue culture plastic as a baseline comparator, but to
condense the data presented in this Chapter and to keep the focus on the difference between
the ES and FW materials, it was decided not to include it. This data is freely available upon

request.
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Figure 3.19 Volcano plots of overall gene expression (A), ES vs FW at day 14 (B), ES at day 14 vs day 0 (C) and FW at day
14 vs day 0 (D). Grey dots are non-significantly expressed genes, green dots indicate genes with a significant lfc >|2|
(indicated by the vertical lines), blue dots indicate those with a p-value <10 (indicated by the horizontal line), and finally,
red dots indicate genes that have both a significant lfc and p-value.
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Figure 3.20 Heatmap of differentially expressed genes. The statistical test used by DESeq?2 to query this is the Wald test. To
reduce the rate of false positives, the Benjamini-Hochberg method is used. An adjusted p-value of 0.05 (padj) and a log fold
change of 1 (logy(2) = 1) was set as threshold to keep significantly expressed genes.
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Figure 3.21 Top 20 differentially expressed genes between comparisons. The significance and relevance of these genes is
further elaborated on in the Discussion part of this Chapter.
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3.5.5 ES sutures induce changes in genes involved in development, while FW sutures
induce changes in those involved in wound response

Pathway analysis was carried out to put the list of differentially expressed genes (DEGs) into
a biological context. Please refer to the Appendix for more detail on the methodologies used
here. The clusterProfiler package was used to perform an over-representation analysis
(ORA). A threshold was set to include only significant genes with a padj < 0.05. For each
comparison, a dotplot was generated to visualise the top 25 over-represented gene ontology
(GO) terms (Figure 3.22-3.23). There were three enriched terms between ES14 and FW 14
(Figure 3.22), which include muscle system process, establishment of cell polarity and
sprouting angiogenesis. The enriched terms between ES14 and ESO are plotted in Figure
3.23A and those for FW14 v FWO0 in Figure 3.23B. Most of the enriched terms in the ES
group relate to development and proliferation, while those in the FW group are more
involved in cell cycle processes and extracellular matrix organisation. Both groups show
enrichment in positive regulation of cell migration, cell motility, and angiogenesis. In
addition, the ES group shows enrichment in the ameboidal-type cell migration whereas the
FW group has an enrichment in response to wounding. Additionally, the Gene Set
Enrichment Analysis (GSEA) tool was used to further query the gene expressions. This was
done for a couple of reasons. Firstly, the advantage of GSEA over ORA is that it does not
need a user-defined threshold (e.g., padj <0.05) and takes all genes in the dataset into account
which means it can detect small differences that might contribute to a given gene set. Also,
ORA assumes that genes are independent of each other when performing statistical
operations. In biological systems, this is not true since genes can influence each other and
therefore this analysis can be more prone to errors. The GSEA output is plotted in Figure
3.24, with the normalised enrichment (NES) score visualised as a colour scale from blue
(negative) to red (positive). The NES are plotted against the -log10(p-value) to indicate

significance. There are a few enriched terms between ES 14 and FW 14, with the most
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interesting being adherens junction, vascular smooth muscle contraction and gap junction
(Figure 3.24). Similarities in enriched terms for ES and FW groups are for proteasome,
ribosome biogenesis, nucleocytoplasmic transport, and spliceosome. The most enriched gene
set for ES14 v ESO is the herpes simplex virus 1 infection pathway, which is not expressed in
the FW14 v FWO0 group. Other pathways which are only expressed in the ES group include
pathways in cancer, and cytokine-cytokine receptor interaction. Unique pathways expressed
in the FW14 vs FWO0 group include the rheumatoid arthritis, IL-17 signalling and Fanconi
anemia pathways. Overall, terms expressed in the FW group have more significant NES than

those expressed in the ES group.
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Figure 3.22 Over-representation analysis between ES14 and FW14. The pathways are plotted by gene ratio, which is the
number of genes associated with a GO term divided by the total number of significant genes (14759). Thus, the higher the
ratio the more genes are associated with the specific term and vice versa. The size of the dots is a measure of frequency; they
represent how many genes in the dataset are in the pathways specified on the left-hand side. The colour scale is indicative of
the significance, with high p-values in blue and low p-values in red. The adjusted p-value is used to rank the genes as
calculated above.

127



Biological evaluation of electrospun filaments

A ES14 vs ESO B FW14 vs FWO0

positive regulation rr?c:tfltietl;' d response to wounding 1

positive regulation of cell | ‘ positive regulation of cell |
migration motility

. positive regulation of cell |

ngi nesis - . -
angiogenesis migration

skeletal system development- angiogenesis

reproductive structure | . regulation of mitotic cell | ‘
development cycle
ameboidal-type cell migration - . ossification - .
reproductive system | . _—
development . cell sub'strate adhesion .
peptidyl-tyrosine modification - ‘ regulag?]r;scg fgrl]gi){%ﬁ 1 .
ossification - . muscle cell differentiation - .
peptidyl-tyrosine | . extracellular matrix | ‘
phosphorylation organization
: | extracellular structure |
urogenital system development [ ) organization [ )
striated muscle tissue | . external encapsulating | .
development structure organization
| negative regulation of |
renal system development ‘ locomotion ‘
. ] regulation of mitotic cell |
kidney development ‘ cycle phase transition .
regulation of developmental | )
growth [ ) mesenchyme development o
R negative regulation of
connective tissue development - . o 1 .
negallVENSERLBYC(G
fat cell differentiation . mitotic cell cycle phase O
transition
muscle cell proliferation - o cardiac chamber development- [ )
i signal transduction by p53 |
skeletal system morphogenesis . class mediator o
cartilage development- o biomineral tissue development [ )
organ growth - [ ) biomineralization - O
; | cell cycle G2/M phase |
ureteric bud development o " transition o
cardiac muscle tissue growth1 @ G2/M transition g;:nétc::t[lg 1 o
regulation of pri-miRNA Y
transcription by RNA+{ @ cardiac chamber morphogenesis 1 o
%Mﬁﬁm%ll le regulation of execution |
differentiation phase of apoptosis
0.01 0.02 0.03 0.04 0.05 0.01 0.02 0.03 0.04 0.05
GeneRatio GeneRatio

count @ 25 @ so @ 75 ’ 100 agjust |

0.0100.0080.0060.004

Figure 3.23 Over-representation analysis between ES 0 vs ES 14 (A) and FW 0 vs FW 14 (B).
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Figure 3.24 GSEA output for each comparison.
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3.6 Discussion

In this Chapter the seeding of cells on ES filaments was compared to cells seeded on Fw
sutures with respect to their attachment, proliferation and gene expression at the start and end
of the culturing period. Initially, nine different seeding densities were tested to determine cell
numbers after 14 days of culture and pick the highest value, which would garner a sufficient
concentration for RNASeq experiment. Cell seeding efficiency was low for both materials
across the different densities used and no significant differences were found in terms of
absolute cell numbers or relative fold change. However, cell morphology had changed on the
ES filaments compared to the Fw sutures from the first time-point (day 1) onwards.
Furthermore, RNASeq showed a difference in gene expression between ES filaments on day
0 and day 14, and between Fw sutures on day 0 and day 14, limited changes between ES

filaments and Fw sutures on the final time-point.

3.6.1 Cell attachment and proliferation similar on ES filaments and Fw sutures
Although it was expected that the highest seeding density would result in the highest cell
attachment, it was important to understand how large this difference would be. For the
materials used in this thesis, seeding less than 200,000 cells, regardless of seeding volume,
seems to be a wasted effort as the cell attachment is quite low. It was expected that a higher
seeding efficiency would be achieved with cells seeded in a very small volume, but by the
end of the experiment there was no statistical difference in absolute cell numbers between the
different materials at the end-point. Although no statistical significance was reached between
ES filaments and Fw sutures either, there are a couple of interesting aspects to their inherent
properties that could have resulted in quite similar cell attachments. Firstly, their surface
chemistry is quite different. The ES filaments are manufactured from the highly hydrophilic
polydioxanone, which should have facilitated cell attachment. In fact, a micro-drop of media

was easily absorbed by the entire scaffold. However, because the suture consists of aligned
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micro- and nanoscale fibres it is also highly porous and the drop of media containing the cell
suspension largely filtered through to the bottom of the cell plate during seeding. In contrasts,
Fw 1s hydrophobic in nature and has an intricate braided design with an inner structure,
making it quite a dense suture. Fibroblasts attach to the ECM by integrin receptors and a
successful coupling creates a bi-directional signalling through the integrin - i.e. signals are
transmitted from outside of the cell to inside and vice versa — which results in changes to
gene expression, (re)organization of the cytoskeleton and cell proliferation (395). The
opposite of cell attachment is termed anoikis — a neologism inspired by the Greek, translating
to ‘without house’ — and is a specific type of cell-death thought to be signalled by the
cytoskeleton (396). Cell attachment mediated through the integrin receptors are crucial to this
process, therefore inadequate contact between the cell and ECM would result in anoikis and
is the most probable cause for low seeding efficiency and a significantly lower number of
cells at the end-point than originally seeded. The shape of the cells seeded on both ES
filaments and Fw sutures was evaluated using scanning electron microscopy during the
culturing period. The images were compared to each other per time-point they were taken at.
Although cells are present on both samples at every time-point, also confirming cell
attachment, there is a striking difference in the cell morphology, with those seeded on ES
filaments exhibiting an elongated and spindle-like shape from the first time-point, whereas
those on Fw sutures remain rounded and flat and do not change their shape much throughout
the two-week culturing period. This can be explained in several ways. Firstly, it is a well-
known fact in the tissue engineering world that cells respond to environmental cues (397). In
fact, research concerning scaffolds that are designed primarily for tendon end-goals is now
more and more focused on providing instructive cues for cells. Native tendon topography is
one of the most important properties of a scaffold that contributes to the phenotype of a

tenocyte (398). Electrospinning has been popular because it allows for the fabrication of
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fibres on a micro- and even nanoscale (Background, section 1.6) that is similar to
morphology in tendon fibrils. The microscopic appearance of the materials was different in
diameter, which was considerably larger for the Fw sutures than ES filaments: 22400 and
3900 nanometer (nm), respectively. The mean fibre diameter of collagen fibrils in healthy
supraspinatus tendon is 57+3 nm while that in an injured tendon is 5143 nm (399). However,
electrospun scaffolds with modulated fibre diameter have been reported to positively regulate
tenocyte behaviour (400) and aligned scaffolds with a relatively large diameter (>2000 nm)
have been shown to induce the spindle-like morphology and a reduced inflammatory
response in tenocytes (/72). When comparing these figures to the experimental dataset
presented in this chapter, it is reasonable to assume that the ES filaments, which are aligned
as well, fall within the >2000 nm diameter range and therefore presented a positive
environment for cells to adhere and respond to. The large diameter of Fw sutures did not
prevent cell attachment but also did not induce them to change their shape during the two-
week culture. In a similar study by Musson et al (407) in which primary human and rat
tenoyctes were seeded on different types of scaffolds, cell culture on Fw sutures was
unsuccessful as tenocytes did not adhere to the material at all after 14 days in culture. The
authors cited its highly hydrophobic nature as the main reason, though the low seeding

density used (2.5-10" cells/scaffold) could perhaps also be relevant.

3.6.2 Differentially expressed genes between ES filaments and FW sutures show a
different profile with respect to cell attachment and wound healing

RNA-Seq was performed on the seeded dermal fibroblasts to investigate the effects of the ES
filaments and FW sutures on gene expression. I investigated differences in gene expression in
response to material as well as changes across time. The differentially expressed genes

between these groups were investigated first and were related to cell attachment and
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proliferation, stress responses and wound healing. Col7A41 encodes for a type of collagen that
is the major component of anchoring fibrils in the skin — these connect the epidermal
basement membrane to the dermis (402), which makes it vital to the function and stability of
the extracellular matrix (403). Indeed, a mutated gene results in epidermolysis bullosa, a
severe skin disorder characterized by blistering due to detachment of the epidermis (404). It
is down-regulated, but not absent, in the ES14 vs FW14 group, which is interesting given that
both cell attachment and cell proliferation was increased in the former group. This raises the
suggestion whether the anchoring fibrils were as necessary for attachment in the ES14 group
— considering a single cell was able to attach to multiple filaments within the suture, elongate
and extend to neighbouring cells. On SEM images it seems that cells on Fw sutures do not
induce changes in cell shape and perhaps require a more marked increase in the use of
anchoring fibrils that is not induced by cell attachment to Fw. ICK regulates the length of
primary cilia, which are present in nearly all mammalian cells and are important to detect
extracellular cues for proliferation and differentiation. They are essential for many signalling
pathways, including Hedgehog (Hh) signalling which has been shown to be crucial for
tendon enthesis development (405, 406). The process of mechanotransduction, by which cells
convert mechanical forces into biological signs (405, 407) is also dependent on the length of
primary cilia. Down-regulation of /CK can result in abnormal and extended cilia (408).
However, the assembly of primary cilium does not start until after mitosis has finished (409).
In a recent study by Bosakova et al (408) it was shown that fibroblast growth factor receptors
(FGFRs) interact with /CK by phosphorylation and can inhibit its activity, thereby down-
regulating its expression, with the primary aim of regulating cilia length. This means that a
down-regulation of FGFRs would result in an increase of ICK activity. Conversely, since
ICK was up-regulated in every FW14 sample and down-regulated in the ES14 samples, one

could assume that there is a down-regulation of FGFRs in FW14 and an up-regulation in
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ES14. In fact, four FGFRs are expressed in the current dataset and are slightly down-
regulated, but none of them had a statistically significant differential expression. FGFRs
signal fibroblast growth factors (FGF) to regulate the migration of keratinocytes in cutaneous
wound repair to achieve re-epithelialization (4/0) and can potentially accelerate wound
closure by changing the morphology of keratinocytes to be spindle-like (4717). In fact, FGFs
have been successfully tried and tested to reduce scarring in post-surgical wounds and to
improve the outcome of diabetic foot ulcers (472, 413). This could mean that fibroblasts
seeded on ES filaments are more likely to express a phenotype geared towards wound healing
than those seeded on Fw sutures. This is partly supported by the pathway analysis as well, as

discussed below.

3.6.3 Similarities in gene expression between ES filaments and FW sutures

SEMA4A was down-regulated in all time-point fourteen samples irrespective of material.
This gene was found to be up-regulated in patients with lung fibrosis and systemic sclerosis
has been found to induce a profibrotic phenotype in primary dermal fibroblasts (474, 415).
Indeed, fibroblast attachment to ECM is regulated by integrins and culminates in the
maturation of focal complexes into focal adhesions (395), which mainly consist of focal
adhesion kinase (FAK). This protein plays an important role in cell migration and has been
linked to fibroblast migration in lung fibrosis (416). This suggests that cells are more prone to
a pro-inflammatory phenotype rather than a pro-fibrotic phenotype when cultured on these
materials. However, since both the cell populations exhibited this phenotype one can assume
that electrospun sutures do not perform worse than FiberWire sutures in this regard.
Furthermore, one gene that is only expressed in the Fw group is COLEC12, which is involved
in inflammatory responses by clearing glycoproteins released by neutrophils and is

overexpressed in fibroblasts of patients with hypermobility syndrome (417). It has also been
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found to play a role in inflammatory response in osteosarcoma (4/8). This skews the
narrative in favour of ES sutures that do not express this gene. Wnt2 was also down-regulated
in all time-point 14 samples as well and is a ligand that is expressed in lung mesenchyme
during lung development and plays an important role in airway smooth muscle development

(419).

3.6.4 Different genes are expressed at time-point (0 and 14 for for ES filaments and Fw
sutures, respectively.

A couple of genes were up-regulated in ES14 compared to ESO, but not expressed in FW14
vs FW0. CCND] is a transcriptional regulator that controls cell proliferation and has been
linked to cancer metastasis — most likely due to its ability to regulate cell adhesion and
migration (420). Indeed, it has been shown that CCND I-deficient cells show less migration
and invasion than wild-type cells and are strongly associated with metastasis in breast cancer
(421-423). Its up-regulation in this experiment might indicate a positive sign of cell
proliferation and the invasion of cells in the scaffold as well — an important indicator for the
integration and efficacy of a biomaterial. It could also explain why cancer pathways were
enriched in the functional pathway analysis with no biological context. /7GA2 encodes for
the a2 integrin subunit. The integrin family consists of 18 a - and 8 B-subunits that can form
24 different heterodimer combinations (424). The a2 sub-unit only forms a heterodimer with
the B1-unit, resulting in the a2B1 integrin, which is mainly expressed in epithelial and platelet
cells and is one of the receptors for type I collagen making it vital for angiogenesis (425-

428).
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3.6.5 Angiogenesis and cell migration are enriched for both ES filaments and Fw
sutures

The functional pathway analysis revealed only three enriched GO terms between ES 14 and
FW 14. The most interesting term is muscle system process in GO. Similarly, skeletal muscle
development is also prominent in the GO term for ES14 vs ESO. Similar enriched terms for
ESO v ES14 and FWO0 vs FW14 include positive regulation of cell motility and cell migration,
and angiogenesis. Cell migration of fibroblasts is regulated by FAK and linked to lung
fibrosis through SEMA4A, as previously discussed. Fibroblasts play a role in angiogenesis by
producing and releasing vascular endothelial growth factor (VEGF) to signal the migration of
endothelial cells to form new blood vessels (429). During wound healing, new blood vessels
infiltrate the site of injury together with fibroblasts and macrophages to build new ECM and
restore the damaged tissue (430). This term is expressed in conjunction with the ‘response to
wounding’ in the FW group. Other interesting terms in the FW group include extracellular
structure and matrix organization and cell-substrate adhesion. These three are all linked to
attachment of the cell to the matrix, although this was not different between ES and FW
sutures in the previously discussed proliferation data. In the early response to rotator cuff
tearing, cell proliferation is stimulated by vasoactive factors that initiate angiogenesis (431).
However, tendon is an inherently avascular tissue which also contributes to the difficulty of
the repair response. Signs of angiogenesis in this experiment are probably inherent to the use
of dermal fibroblasts rather than tendon fibroblasts, which have an important role in wound
healing.

The difference in cellular composition and distribution between healing and injured rotator

cuff have been reviewed extensively
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3.6.6 Signs of angiogenesis are further enriched for ES filaments, while for Fw sutures
it concerns inflammatory processes

The gene-set enrichment analysis revealed several up-regulated pathways for ES14 as
compared to FW14. Adherens junctions are present in endothelial and epithelial cells and
connect cells to each other by joining actin cytoskeletons together. They are important in
maintaining endothelial integrity and vascular homeostasis (432). Similarly, gap junctions
allow communication between cells by linking the cytoplasm of two cells and forming
intercellular channels and serve an important purpose in the homeostasis of many tissues.
This is a positive indication of cell-to-cell communication on the ES filaments that is
apparently less evident in the Fw sutures. Furthermore, the vascular smooth muscle
contraction can be directly linked to the angiogenesis GO term, as discussed in the previous
section. A unique GSEA term that is expressed between ES 0 and ES14 is the herpes simplex
virus 1 (HSV-1) infection. Since the fibroblasts used here were from a commercial cell line,
derived from neonates, there was no infection of any kind during the culturing process and
this pathway was not enriched in the FW group it is reasonable to assume that there was not
actually an HSV-1 infection present. Interestingly, this pathway was also found to be
enriched in the study by Wang et al (433), where the authors investigated the difference
between the adult and neonatal cardiomyocytes. The HSV pathway was also found to be
enriched in microarray analysis of osteoarthritis and rheumatoid arthritis samples (434). No
further comment on it was made in these studies, however. In the FW group, the pathways for
rheumatoid arthritis and IL-17 signalling are enriched, which are both linked to each other
and could indicate the presence of inflammatory processes (433, 436). This might also be
linked to the ‘response to wounding’ GO term, discussed previously. Consequently, the

Fancomi anemia pathway is also enriched in the FW group and is needed for the repair of
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damaged DNA. It is involved in repairing cytotoxic DNA lesions, which can be caused by

aldehydes as a result of many metabolic processes including lipid peroxidation (437).

3.6.7 Limitations and future work

There are several limitations to this experiment that should be addressed. Firstly, this
experiment was limited by the use of a commercial cell line rather than primary cells.
Although they are also fibroblasts and were mainly chosen because they expressed
similarities to tendon fibroblasts, the genetic profiling of these cells does not express markers
relevant to tendon development and maintenance. However, considering the large number of
cells needed to run the experiment in multitude and to gather reliable and reproducible
results, it was not possible or feasible in the current time to get enough primary cells
explanted from donated tissues.

The fibroblasts were harvested from the foreskin of two male neonates (438) and can
therefore be considered neonatal fibroblasts. There is a marked difference in the behaviour of
adult and neonatal fibroblasts. Indeed, it has been shown that younger fibroblasts tend to be
pro-regenerative compared to adult fibroblasts (439). A recent single-cell RNA sequencing
performed on murine cardiomyocytes revealed a switching from neonatal to adult fibroblasts
that regulated cardiomyocyte maturation, which can potentially be manipulated to tackle
cardiovascular disease development (433). The tendency towards fibrosis or regeneration has
been heavily linked to age and the results presented in this Chapter do not necessarily reflect
pro-fibrotic markers. However, it is interesting that the FW group expressed genes in
response to wound healing pathway, while the ES group expressed mostly terms related to
development and proliferation. These differences could be attributed to the difference in the
surface topography of the materials. Dermal fibroblasts have a subpopulation of reticular and

papillary fibroblasts related to their location in the skin, whereby the former is squarer and
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flatter while the latter is thinner and spindle-shaped (440). Papillary fibroblasts have also
been shown to have increased proliferation compared to reticular fibroblasts (447).
Furthermore, reticular fibroblasts show GO terms that are mostly involved in the smooth
muscle contraction pathways and correlate with cytoskeletal organization and cell motility,
while papillary fibroblasts showed enrichment in the immune response (440). Papillary
fibroblasts also promote angiogenesis (442), which was a significantly enriched term both
groups. This, in combination with the results of cell morphology, indicates FW and ES
sutures have a population of both papillary and reticular fibroblasts. The seeding densities
chosen in this work were based on numbers often used in the current lab group when working
with electrospun materials (173, 259, 260, 293) and were capped at a maximum of 250,000
cells per sample to have enough to run the experiment multiple times. In the literature, there
are may examples of seeding densities or concentrations that are 5-10°-1-10° cells/mL but
this figure is not an accurate description of how many cells will be on a scaffold since
seeding volumes are nearly always in the order of microliters. Therefore, a scaffold that is
seeded in a concentration of 1-10° cells/mL and a volume of 20 uL will have 20,000 cells on
it at maximum (e.g., if every single cell would stick to the scaffold and the seeding efficiency
would be 100%). The figures in this experimental Chapter were therefore deliberately chosen
to reflect the number of cells seeded and not the concentration. Low seeding efficiency is
another problem often encountered in tissue engineering and is due to the nature of cell
seeding. A static seeding method was used here to seed and maintain the cells, which relies
solely on gravitational forces. Cells are thus allowed to infiltrate the scaffold without being
subjected to mechanical forces resulting in reduced viability, but since infiltration rates can
be quite slow in especially dense scaffolds (e.g., the FiberWire sutures), a culturing period of
two weeks might not have been long enough. As briefly mentioned before, however, there is

a plethora of evidence suggesting a positive influence of mechanical stimulation on cell
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behaviour. However, there was no time to establish and test a suitable methodology for
different types of seeding, i.e., dynamic seeding using external forces, nor was this the focus
of this experiment. In future work, these results may be used as a baseline for testing different
seeding methods to see if this might improve initial cell attachment and maintain a higher
number of cells during the entirety of the culturing period.

Another factor impacting these experiments is the electrospun material involved. The
filaments were manufactured using an in-house electrospinning set-up, which is susceptible
to minimal environmental changes (e.g., humidity, air pressure, static energy) that could
impact the quality of the fibres on a microscopic level. The fibres were assessed
macroscopically for any gross deformities, such as beading (292), and by stretching them to
evaluate their elasticity. Furthermore, because it was not feasible to spin all the samples in
one go, batch-effects could exist that could have affected the surface topography of the
scaffolds and thereby cell attachment and genetic expression. This was overcome by using
different batches of filaments in a random order to create the sutures used in this experiment.
No conclusive evidence of batch-effects could be deducted from the results, however. The
FiberWire sutures all came from the same batch and were individually packed and pre-
sterilized, so this seems less likely. In addition to the limitations addressed above, there
remain a few points that will be interesting for future work. Firstly, the scaffolds used in this
work were quite small as there was a limited supply of the material available. This meant that
the surface area we worked with was also small and pipetting onto this tiny scaffold
contributed to a low seeding efficiency and loss of cells. To circumvent this problem, making
bigger bundles (e.g., using the largest number of filaments that were used in Chapter 2) or
weaving the fibres into a patch will be a solution. Secondly, in this experimental set-up we
pre-soaked the materials to facilitate cell attachment. However, I did not establish what the

difference in cell attachment would be without preparing the materials and thus we cannot
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say if it contributed or not. It will be interesting to add this to future work and gauge whether
it is a necessary step at all. Thirdly, the RNASeq results obtained here are from a two-week
cell culture period and this might not have been long enough to elucidate more relevant
pathways. As mentioned above, the scaffolds were also not subjected to any mechanical load
which could have contributed to enrichment of different pathways as well. In a future
experiment, a culture period of at least 28 days including cell stimulation should be
attempted. Lastly, the comparator material tested here were the Fw sutures and although it is
a relevant material and a popular use in clinical settings, other products are frequently used in
rotator cuff surgeries as well (e.g., OrthoCord, EthiBond, UltraTape, etc.). To assess how
well electrospun sutures match those used in clinical settings, the current experiment should

be expanded to include more comparators.

3.7 Conclusion

This Chapter shows that there is no difference in cell attachment or proliferation between ES
filaments and Fw sutures, but fibroblasts seeded on ES filaments were elongated and spindle-
shaped compared to those on Fw sutures, indicating a favourable attachment of cells on the
ES filaments, resembling the attachment of cells to ECM. This is encouraging because it
means cells can adapt to the architecture of the electrospun sutures as they would to the
native ECM of native tendon tissue. Enriched pathways mostly related to development and
proliferation, angiogenesis, and extracellular matrix organization. ES filaments exhibited a
more pronounced profile towards cell proliferation and differentiation whilst Fw sutures had
enriched pathways in wound response and inflammatory pathways concerning rheumatoid
arthritis and IL-17. The results in this Chapter can provide a baseline for future work, that

should focus on the use of a more clinically relevant cell type.
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Chapter 4 Adapting the design of the 3D printed
part of the biphasic scaffold

4.1 Abstract

Current suture anchors used in rotator cuff surgeries commonly comprise a hard part (anchor)
and a soft (suture) component and have excellent mechanical properties. However, several
modes of failure have been identified that are usually due to improper healing of the native
tissue and weakness at the interfaces. This thesis has developed a biphasic scaffold consisting
of a hard 3D printed block and soft electrospun cuff, involving bioactive materials that could
be beneficial in tendon- and enthesis healing. In this Chapter, the dimensions of the 3D
printed component has been adapted to fit the footprint of the supraspinatus tendon on the
greater tuberosity of the humerus. This was done using anonymized patient CT scans, in
collaboration with 3DLifePrints and resulted in three different designs. Three repeats per
design were used (n = 3). The designs were implanted in porcine bones, fixated with screws
and subjected to a pre-defined cyclic loading regime. pCT imaging was performed before and
after testing. Load-displacement curves, ultimate load to failure and displacement per cycle
were calculated from the data provided by the testing software. Failure mechanisms were
noted for each sample. The first design had the lowest displacement and was the easiest to
fixate, but was quite difficult to print. The second design did not have a successful fixation
and got pulled out during cyclic loading. The third design was the most difficult to attach.
There is still much room for optimization but this could be an avenue into creating hard-soft

anchors for rotator cuff repairs that can be personalized to individual patient anatomy.
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4.2 Introduction

Different biomaterials are currently being explored in tissue engineering to act as scaffolds in
bone, cartilage and tendon injuries (443). An important step in the design is to tailor the
dimensions of an implant to the anatomical location it is intended for (326), and ensuring that
it meets similar mechanical properties as the native tissue, by subjecting it to tensile,
compressive or cyclic testing, for example. The main goal of this chapter is to redesign the
3D printed hard part of the biphasic scaffold, introduced in Chapter 2, to fit the greater
tuberosity (GT) of the humerus. Briefly, CT-scans of the humerus of anonymized patients
will be segmented, i.e. dissected, into a 3D object based on pre-defined anatomical
boundaries so that it can be extracted from the model and further developed into an implant.
Commercial sutures will be used (Figure 4.1) to test the fixation of the designed prototypes,
instead of the electrospun sutures at this stage of the development. They will be subjected to a
cyclic loading protocol in which the displacement (i.e., the movement of the prototypes) will
be measured. A critical value of 5 mm or more of displacement of an implant, i.e. the implant
moving out of the bone, can result in gap formation (//7). When a gap forms between a
repaired tendon and the bone there is limited to no contact of the tendon with the footprint
area which is necessary for tendon healing and the repair construct will most likely fail (717,
444, 445). This occurs predominantly in the postoperative rehabilitation period, 3-6 months
after surgery, when the rotator cuff is subjected to low-level loading (446, 447). Reducing the
gap formation at the tendon-bone interface in this postoperative period could lead to

improved tendon healing (448).
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Chapter 2 Chapter 4
ﬁ
\\ ~ J\\ ~ J A\ ~ J\\ ~ J
Hard 3DP Soft ES cuff Hard 3DP Commercial
block block suture

Figure 4.1 A diagram of the biphasic scaffold introduced in Chapter 2 (left) and the adaptations made to carry out the
experiments in the current Chapter (right) using commercial sutures instead of electrospun sutures.

The objectives of this chapter are as follows:

1. To adapt the geometry of the hard part of the biphasic scaffold that was introduced in
Chapter 2 to correspond to the greater tuberosity of the humerus using anonymized
patient CT scans.

2. To assess the feasibility of the designs in terms of insertion and fixation using existing
surgical tools and techniques and a relevant bone model.

3. To identify mechanisms of failure by subjecting the inserted prototypes to a cyclic

loading regime and static load to failure using a commercial suture type.

The hypotheses are:

1. We can adjust the dimensions of the 3D printed block to fit the geometry of the
greater tuberosity of the humerus based on medical imaging — i.e., personalise and
individualise the design process of the scaffold.

2. The designed prototypes can be inserted and fixated using surgical equipment and
methods that are already employed in common orthopaedic surgeries.

3. The mechanisms of failure identified by the cyclic and static load will be comparable

to failure mechanisms of currently used suture-anchors in rotator cuff repairs.
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4.3 Materials and methods

4.3.1 Segmentation by 3DLifePrints

Two anonymised CT scans of 42-year-old and 72-year-old female patients (Figure 4.2A)
were provided by 3DLifePrints for segmentation using Simpleware ScanIP (Synopsys,
California, USA). For this initial design process, the greater tuberosity (GT, see Figure 1.1 in
Chapter 1) on the humeral head was defined as the region of interest. Briefly, segmentation
means that the region of interest is labelled on the CT scans so that it can be extracted and
converted into a 3D model for 3D printing. The supraspinatus and infraspinatus tendons
attach onto the greater tuberosity (Figure 4.2B), and the geometrical boundaries were defined
as the footprint of these tendon attachments (~5x15 mm) and a depth of 10 mm,
corresponding to the average length of a commercial suture length. This volume was then

extracted and designed into three different implants (Figure 4.2C).

extracted volume C

Figure 4.2 A) Anonymised scan of the left shoulder of a 42-year-old female patient. B) Superior view of the humeral head
(1) with the lesser tuberosity (2), greater tuberosity where the supraspinatus (3) and infraspinatus (4) tendons attach.

4.3.2 Implant design considerations
The design of the implants was guided by the following:
- Dimensions of the scaffold had been determined (15x10x5 mm) based on a literature
review of human cadaveric studies (16, 21, 178, 288, 290, 449-458) measuring the

supraspinatus tendon footprint on the humeral head, see Appendix C for specifications.

146



Adapting the design of the 3D printed part of the biphasic scaffold

- To avoid impingement of the shoulder during abduction, they were designed to be flush
with the surface of the humerus (327).

- The total volume of the prototype was also limited to be less than the total volume of
four suture anchors (~3000 mm>(459)), which is the average number of suture anchors
used in massive rotator cuff repairs (459, 460).

- Finally, a ‘safe zone’ was set to ensure that incorporated fibres would not be affected by
any fixation methods.

Three initial prototypes were designed using MeshMixer (Autodesk Inc., California, US)

and Netfabb (AutoDesk Inc., California, US).

4.3.3 Implant manufacture
All prototypes were printed using polycaprolactone granules (3D4Makers, Haarlem, The
Netherlands) in an Ultimaker 3 Extended 3D printer, operated by 3DLifePrints (Oxford,
UK), as mentioned in Chapter 2. A titanium casing to accompany one of the prototypes was
printed by an external company (Renishaw plc, Wotton-under-Edge, United Kingdom).
Anatomical models of humeral heads were 3D printed, using the same printer, in polylactic-
co-glycolic acid (PLGA) with the volume of the prototypes extracted from it to envision

their insertion, as per my designs (Figure 4.3)

4.3.4 pCT imaging

To verify the internal structure of the prototypes and to assess them before and after testing
they were imaged using micro-computed tomography (LCT), which was performed by me.
Each prototype was placed vertically on the holding stub and kept in place with BluTak. The
samples were imaged using a pCT scanner (SkyScan 1172, SkyScan, Kontich, Belgium) at a

pixel size of 13 um, 40 kV and 250 mA. No filter was used. The reconstruction of the images
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was done using NRecon software (SkyScan 1172, SkyScan, Kontich, Belgium) with a
filtered-backprojection (Feldkamp) algorithm, as the uCT uses a cone-beam projection while
the stage that the sample is fixed on rotates around its axis to capture it in 360° (461). Imagel
software (National Institute of Health, Bethesda, MD, USA) was used to process and stack

the images.

4.3.5 Model of implantation

The implant was designed with the human shoulder in mind. However, it was not possible to
procure human shoulders or accurate human bone models at the time of performing the
experiment. Therefore, porcine shoulder bones (sus domesticus) were obtained from a local
abattoir. The animals were not sacrificed for the purpose of this experiment. On visual
inspection, the bones did not show any obvious inconsistencies, except for a few signs of
sharp incisions across the humeral head surface, most likely due to sharp tools used for the
dismemberment of the animal. Remaining soft tissue, consisting mostly of muscles, tendons
and ligaments, and blood, was removed from the bones using sterile scalpels and forceps. The
bones were washed with a solution containing PBS and 5%
penicillin/streptomycin/amphotericin B (Sigma Aldrich, UK) and stored in a -20°C freezer.
They were then thawed in a cold room (4°C) for at least 24 hours prior to use. This handling
of animal tissues was based on similar experiments conducted in the literature and prior
defined safety protocols in our facilities. It was not investigated whether a different approach

would have led to different outcomes.

4.3.6 Implant insertion
The distal end of each bone was sawed off and a hole was drilled through the remaining shaft

so that the bone could be placed in a custom-made grip and locked in place with a custom-cut
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3 mm diameter screw of 86 mm length. A bench drill (RS Components, UK) was used to
create the insertion hole of approximately 5 mm diameter and 15 mm length, using a 4.8 mm
drill bit and a drilling depth of 10 mm for two designs and 25 mm for the third, and the pilot
holes for the screws using a 1.7 mm drill bit and drilling depth of 20 mm. A single suture
(FiberWire No2.) was looped through each sample before it was manually pushed into the
bone until flush with the bone. No hammer or additional excessive force was needed or
wanted to prevent damage to the prototype and bone. Stainless steel screws measuring 2 mm
in diameter and 20 mm in length (Phillips M2 X 20mm, Accu, UK) were then used to fixate
the samples using a manual screwdriver (Wera Tools, Germany). For the third design, the
insertion of the screws was done blindly through the lateral wall of the humerus while
holding an additional prototype as exterior model, as no custom-made guide was available.
Once the bone and the samples were locked and loaded, the custom-made grip replaced the
original clamp on the tensile testing machine (Figure 4.7). After testing, the bone was bathed
in a 1% Virkon solution for at least 1 hour, stored in a disposable plastic jar and placed in a -

80°C freezer to be safely disposed of by the department’s facilities team.

4.3.7 Cyeclic loading protocol

A Zwick/Roell tensile testing machine (Zwick Roell Group, Ulm, Germany) and a 10 kN
load cell was used for the cyclic loading protocol. No2. FiberWire (Arthrex, Naples, US)
were newly purchased (same batch) and were kept in their individual, sterile, vacuum
packaging until needed. A new suture was unpacked and used for each test. Prototypes were
printed with two central holes to pass the suture through. They were then fixed into the
porcine bones as described in the previous section. To ensure that the sutures were tensed and
had a similar load from the start, a preload of 10 N was applied to each implant. Then, a
cyclic loading programme from 10 N to 180 N for up to 200 cycles was applied based on a

previously published protocol that simulates the postoperative rehabilitation phase of rotator
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cuff repair (128, 462). Displacement was defined as the difference in crosshead position from
the peak of the first cycle to the peak of cycles 50, 100, 150 and 200 (463). After the final
cycle, the prototypes were subjected to load until failure, meaning either the sutures failed, or
the implant got pulled out of the bone. Maximum load of failure and displacement were
recorded by the tensile testing program (testXpert II; Zwick Roell Group) the same way as
described in Chapter 2. Three samples per prototype were used to undergo cyclic loading and
mode of failure was recorded for each. Results were recorded by the machine’s software and

plotted using RStudio (R Foundation for Statistical Computing, Vienna, Austria) and the

ggplot2 package (376).

4.3.8 Data analysis

Three samples per prototype were tested (n = 3) making a total of nine samples. Mean
displacement per cycle was calculated by taking the displacement value at 40 cycles for each
prototype and dividing it by 40 — this number was chosen to be able to include three repeats
per prototypes, since not all of them had completed 200 cycles. Displacement at failure was
taken as an average of the reported displacement values after the static load to failure,
Maximum force at failure was taken as an average of the three samples per prototype. To
compare these values between the three groups, a standard one-way ANOV A was used with
Tukey’s correction for multiple comparisons using GraphPad Prism version 9 software
(GraphPad Software Inc, California, USA) was performed. Results were considered
significant for p < 0.05 and where applicable are indicated with an asterisk (*) on the graphs.
In case of non-significant results, no additional symbols are plotted. Graphs are presented

with mean + standard deviation (SD).
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4.4 Results

4.4.1 Implant design

The input from the segmentation and the original dimensions provided for the hard part of the
scaffold introduced in Chapter 2 were used to shape three different designs (Figure 4.3),
which were produced based on the considerations listed in section 4.3.2. The starting point
was the extracted volume as depicted in Figure 4.2B. From this initial ‘block’, different ways
of attachment were envisioned that would fit with currently used surgical techniques and
equipment and that would also leave room for attachment of the electrospun scaffolds.
Design 1 (Figure 4.3A) involves three attachments with room for screws of 2 mm diameter
on the medial, lateral, and posterior side of the greater tuberosity (GT). These attachment
wings were designed with a thickness of 2 mm to allow for screw tolerances. Design 2
(Figure 4.3B) does not have attachments to hold screws and is fixated by a metal case. This
case is fixed in place by screws of 2 mm diameter on the lateral and posterior side of the GT.
Design 3 (Figure 4.3C) has an attachment at the bottom that holds space for screws to be

fixed into from the lateral wall of the humerus, inferior to the plateau of the GT.
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Figure 4.3 Three prototypes designed using a freeform approach, with screws in situ (left column) and visualized in a
macroscopic (middle column) and translucent view (right column).

4.4.2 Implant prototyping

The prototypes were printed in PCL using the set-up described in Chapter 2 (Figure 4.4A-C).
Several printing parameters had to be adjusted (nozzle size and temperature, extrusion rate,
fan speed) to make sure the prototypes were of acceptable finish. The screw holes had to be
added manually using a mini hand drill bit after the prints were finished. The anatomical
humeral heads printed in PLGA are presented in Figure 4.4D with each corresponding
prototype put in place to visualise if and how it matched the surface geometry. Note that all
prototypes are imaged without filaments or sutures here and that the material used was not
deemed suitable for the experiments in the rest of this Chapter, as it was quite weak in
handling and we were unable to print a similar internal structure to native bone. pCT imaging
is included in Figure 4.5 for each prototype including a FiberWire suture, to assess the

internal printing quality. The central tunnels for passing the suture through and pre-drilled
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screw holes are visible in Figure 4.5B and 4.5C, respectively. The metal casing was not

imaged.

Figure 4.4 3D printed samples of the three designs (A-C) and their insertion into 3D printed models of the humeral head
with the volume for the prototypes extracted from the greater tuberosity (D). Design 1 (A) corresponds to the model in the
middle of image D, design 2 (B) corresponds to the right model and design 3 (C) corresponds to the left model.

A B.

Design 1

Design 2

Figure 4.5 pCT imaging of the samples confirming the interior structure and the tunnels through which the suture pass
(featured in all three). The suture tunnels and pre-drilled screw holes are visible (C).
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Figure 4.6 Anterior view of the human humerus (A), medial view of the porcine humerus (B) and a cranial view of both,
respectively (C-D). Greater tuberosities indicated with a red arrow, humeral heads indicated with blue arrows and the
bicipital groove with a black arrow. Images screenshotted from 3D models, freely available online (464, 465)

4.4.3 Feasibility of implant fixation into animal bone model

The domestic pig was chosen as a model system to insert the prototypes into, because its
bones resemble human ones the most with respect to bone mineral density and biology (466-
468). Size of the bone was not taken into consideration for this experimental set-up. The
location that would most accurately approximate where it would have been implanted in the
human bone was utilised. A simplified comparison of the human and porcine humerus is
presented in Figure 4.6. The greater tuberosity of the porcine humerus is quite large, narrow,
and overhanging the bicipital groove (Figure 4.6B and D), which makes it an unsuitable
anatomical landmark to implant in. Another consideration was the direction that the sutures
would be pulled in during the cyclic loading regime, which had to resemble the direction of
force of the supraspinatus tendon. Each sample was secured into a new bone. Figure 4.7
shows the experimental set-up with the custom-made clamp (Figure 4.7A) and the porcine
bone secured in place with the central hole drilled (Figure 4.7B). The location of insertion in
the bone was chosen so that the angle of insertion relative to the direction of force was

approximately 45° as it would have been using commercial suture anchors (469) and so that
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the samples would sit as levelled with the bone as possible (Figure 4.8). The third design had
a vertical insertion (90°) with the fixation by the screws perpendicular to the insertion. After
testing, the samples were removed to assess any damage to them. For every design, the effect
of the suture pulling through the relatively soft polymer was observed. The drilling was done
using a bench drill. It took some time to ensure that no bony ridges remained in the hole.
Furthermore, the drilling of the pilot holes was done after the samples had been inserted,
which required precise alignment and was not always successful due to accidentally hitting
the scaffold when drilling in the screws. This could have been prevented with a custom-made
cutting guide and is commonly used in different kinds of surgeries to prevent damage to

surrounding structures.

Figure 4.7 The experimental set up (A) using a custom-made cylindrical grip (red arrow) and the standard grip of the
machine (blue arrow). A porcine bone secured is in place in the custom-grip (B) with a hole pre-drilled (yellow arrow) to fit
the implants.
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Figure 4.8 The three designs inserted and fixed into the porcine bones with commercial sutures used in lieu of the
electrospun cuff.

4.4.4 Cyclic loading behaviour of the implants

Each prototype was tested with three repeats (n = 3). These all underwent a loading regime of
200 cycles and a static load to failure afterwards to evaluate the maximum force they can be
subjected to, as an approximated measurement of fatigue in a postoperative rehabilitation
setting. The average displacement per cycle, meaning the movement of the implant within the
bone, was calculated for each implant and is present in Figure 4.9A as mean = SD. For
design 1 this was 0.031 mm = 0.003, for design 2 it was 0.052 mm + 0.021 and for design 3 it
was 0.046 mm + 0.021. These were calculated based on 40 cycles as this ensured that all
samples could be compared to each other. There were no significant differences between the
groups (p = 0.504, 0.933 and 0.701). The displacement in mm is plotted on the x-axis and the
number of cycles on the y-axis for each individual sample (9 in total) in Figure 4.9B. The
dotted vertical line indicates where the cyclic loading regime stopped and the static pull to
failure started. Three repeats (one of design 1 and two of design 2) did not complete the full
200 cycles and failed prematurely; these are indicated in the plot with the cycle number at
which they failed. The load-displacement are shown in Figure 4.9. The dotted horizontal lines

on the y-axis indicate the limits set for the loading protocol, which is 10 N pre-load and 180
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N. The distance travelled by the grips is the displacement on the x-axis in mm. Each

experiment has a complete run including the ultimate load to failure.
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Figure 4.9 Mean displacement per cycle per design (A) and the displacement at every cycle interval for the individual
repeats (B). The blue horizontal line in B indicates where the cyclic load regime ended and the static load to pull started.
Most samples follow a similar path of steady displacement until a rapid increase at the end. Differences were not statistically
significant for either A or B.
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Figure 4.10 Load-displacement curves for design 1 (A), design 2 (B) and design 3 (C), including three repeats for each.
After initiating the regime, most samples stabilize quite well and are able to hold for 200 cycles until the final load to failure
(black arrows). A few samples failed prematurely (red arrows) and did not complete the static load to failure.
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Figure 4.10A represent the three repeats for design 1, Figure 4.10B represent those for design
2 and Figure 4.10C those for design 3. Each plot shows a hysteresis curve with repeated
loading and unloading for 200 cycles followed by the maximum load to failure, except for
Figure 4.10A repeat 1 and 4.10B repeats 1 and 3, which failed at 173, 99 and 46 cycles,
respectively. Each repeat portrayed in the figures stabilised after the initial few cycles, but
several interruptions can be noted. These ‘jumps’ in the curves are the points at which either
the sample started to displace, or the suture started failing, and the loading-unloading pattern
attempted to re-stabilise itself. For the first repeat of design 1 (Figure 4.10A), two distinct
phases in the cyclic loading can be observed but it also failed to completely stabilise after the
initial displacement and did not complete the run either. The next two repeats were affected
by suture elongation, but this did not cause any disruptions in the loading behaviour, and they
showed a steady increase in displacement until failure. In repeat 1 and 3 of design 2 (Figure
4.10B), this was not successful and ultimately the implant pulled out before it was able to
finish the full loading program. For the second repeat, the curve is quite broad and there is a
slight jump around 6 mm of displacement where the implant starts to move but then re-
stabilises and can complete the remaining cycles. In the third repeat of design 3 (Figure
4.10C) there is a very consistent cyclic loading pattern and displacement is minimal, with the

narrowest curve, until the point of failure is reached.

4.4.4 Static load to failure of the prototype implants

After cyclic loading the samples were subject to static load to failure. The failure mechanisms
were recorded for each and are summarised in Table 4.1, with the absolute displacement after
cycling loading and the displacement after load to failure as well. Two samples in design 2
were the only ones that pulled out of the bone all together. The suture failed on two
occasions, leading to a premature failure in one sample. The largest values for displacement

after loading and displacement after failure were also seen in the samples that did not
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complete the cycles. The most common failure mechanism was displacement of the implant,
due to improper fixation. The results therefore cannot be compared to commercial
equivalents. For a better understanding of the mechanical behaviour of the current scaffolds,

the experiment should be repeated with human bone models.

Table 4.1 Summary of failure mechanisms and displacement values per repeat.

Cycles Displacement Ultimate load  Displacement at Failure mode after

completed after loading (mm) to failure (N) failure (mm) static load to failure
Design 1 | 99 6.45 179.11 6.45 Suture failure

200 2.28 276.63 8.34 Suture pull through

200 1.96 287.48 7.71 Suture pull through
Design 2 | 46 4.85 179.92 4.85 Implant pull-out

200 3.80 211.48 4.77 Implant displaced

173 6.98 179.07 6.98 Implant pull-out
Design 3 | 200 3.28 202.97 5.28 Suture failure

200 4.11 257.31 5.98 Implant displaced

200 1.15 340.66 4.71 Implant displaced

The ultimate force at failure for each design is shown in Figure 4.11A. There were no
statistically significant differences between the forces expressed per group (p-values of 0.441,
0.264 and 0.901). The mean force at failure was 190.6 N + 18.48 for design 1, 247.74 N +
59.68 for design 2 and 284.61 N = 80.16 for design 3. The total displacement after failure is
additionally plotted in Figure 4.11B for each design. For design 1 it was 7.50 £ 0.79 mm, for
design 2 it was 5.53 + 1.02 mm, and for design 3 it was 5.33 + 0.52 mm. These differences (p
=0.109, 0.964 and 0.079) were also not statistically significant. Figure 4.12 shows the
different failure mechanisms. Sample pull-out (repeat 1, design 2) is seen in Figure 4.12A
which models uniaxial movement, i.e. lifting the arm from neutral to over-head position,
while implant displacement (repeat 2, design 3) is seen in Figure 4.12B, noted with a red

arrow, and models post-operative rehabilitation exercise, i.e small, repetitive shoulder
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movements. The difference between these terms is important because a displaced sample still
had some fixation and was not completely pulled out during the static load to failure. Suture
pull through (repeat 2, design 1) is seen in Figure 4.12C, marked by the difference in colour
of the suture at the red and black arrows, and suture failure in 4.12D, in which the sample

(repeat 1, design 3) remained in situ but the suture had snapped off during the experiment.
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Figure 4.11 The force at failure per design after the final load to failure (A) and the total displacement after failure (B). The
blue dotted lines indicate the limits of the loading regime, with pre-load at 10 N and maximum force at 180 N. The three
repeats that did not complete the total loading regime are plotted just below this upper limit. Both given as mean £ SD.
Differences were not statistically significant.
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Figure 4.12 Different failure mechanisms visualised: implant pull-out (A), implant displaced (B, red arrow), suture pull
through (C, note the difference in suture colour at the red vs the black arrow) and suture failure (D, black arrow).

Finally, pCT imaging was performed to evaluate the effect of the suture pull on the polymer
(Figure 4.13). Images of representative samples were taken pre-testing with a FiberWire
suture in situ (Figure 4.13A-B) and after testing (Figure 4.13C-D). Each sample is pictured
with the bottom facing up, i.e., where the suture loops through the two central tunnels. A
distinct cheese-wiring effect can be seen in Figure 4.13C-D, indicated by a red arrow, which
was also seen on visual inspection after testing. Cheese-wiring is the effect of the FiberWire
suture pulling through the soft polymer, essentially dissecting it. Slight damage to the exterior
of the sample is seen in Figure 4.13D, also marked with a red arrow, which was caused by the

screws. This was seen in nearly all samples of designs 1 and 2.
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Figure 4.13 pCT imaging of samples before (top row) and after the final load to failure (bottom row) with a communicating
channel between the two suture tunnels indicating a cheese-wiring effect (C-D, red arrow), and imprints left by the fixation
of the screws on the exterior wall of the implant (D, red arrow). The third design was not imaged as it was accidentally
disposed of with the animal waste after testing.
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4.5 Discussion

By modifying the dimensions of the 3D printed hard part of the biphasic scaffold introduced
in Chapter 2, we were able to design three different prototypes that had clinically relevant
dimensions for insertion into the greater tuberosity of the humerus. The mechanical
properties were evaluated by inserting the implants into relevant bone models and subjecting

them to an established cyclic loading regime and testing them to failure.

4.5.1 The dimensions of the designs are based on a literature review of anatomical
studies

The literature study conducted to set the dimensions of the scaffold, resulted in a range of
measurements, but the most often cited measurements are of Mochizuki et al (/6), who also
had the largest number of human cadavers available (n = 97). They have disputed the
consensus that the greater tuberosity of the humeral head harbours mainly the attachment of
the supraspinatus tendon and have shown that this is in fact largely taken up by the
infraspinatus tendon as well. This feeds directly into a now more commonly accepted view
that isolated supraspinatus tendon tears most likely involve part of the infraspinatus tendon
too which increases poor functional outcomes after rotator cuff repair (/6). Therefore, within
the available literature a distinction was made between measurements of solely the footprint
of the supraspinatus tendon and those concerning the entirety of the greater tuberosity. The
prevailing argument by Mochizuki et al (/6) means that a greater surface area is available,
and it is much easier to mould an implant based on a bony geometry (the greater tuberosity)
than on the approximated surface area of a tendon that is not attached anymore. It was
therefore possible to adapt the 3D printed part of the scaffold introduced in Chapter 2 to fit
the greater tuberosity, while maintaining enough space to incorporate the number of filaments

that would achieve clinically relevant mechanical properties. Furthermore, the approach

164



Adapting the design of the 3D printed part of the biphasic scaffold

described in this Chapter of using medical imaging to inform the scaffold dimensions, is a
well-suited starting point for a point of care production pipeline (Background, section 1.6.3)
since this work was achieved with the collaboration of an in-house medical manufacturing
company (3D LifePrints). This meant that adaptations to the design could be communicated
quickly and efficiently. The prototypes designed in this Chapter were inserted into porcine
humeri using tools that are common in orthopaedic surgery, so that an insertion method could
be used that would be surgically feasible and did not necessitate custom-made devices. It also
did not compromise surrounding structures, specifically the bicipital tendon and ascending
branch of the anterior humeral circumflex artery (470). The first step in the insertion involved
exposure of the bony surface with the assumption that the greater tuberosity of the (human)
humerus would be available as a surface to work with. In massive rotator cuff tears, the
infraspinatus is often involved, and it is common practice to mobilise the rotator cuff for
adequate footprint coverage and to have an equal distribution of loading when reattaching the
tendon (460), see also Background, section 1.3. In this experiment, the bones that were
obtained from the abattoir had been cleared of most of the soft tissues and the remainder was
removed prior to testing. Therefore, no comment can be made about the ease of exposing the

bony surface, while preserving important soft tissue structures.

4.5.2 3D printing of the designs required several iterations and was limited by the
current 3D printer

The printing orientation of the prototypes was based on the presumption that filaments would
be inserted over the total length of the scaffold, i.e., they were printed with the lateral side
face down on the printing surface (horizontally). Since design 2 has an accompanying metal
casing to secure it in place, the original width was adjusted from 5 to 8 mm to allow for more

grip by the case. This also means it will require more space on the greater tuberosity than the

165



Adapting the design of the 3D printed part of the biphasic scaffold

other two scaffolds. The use of pure PCL as a thermoplastic polymer is beneficial for
inserting filaments during the printing process as it is slow to solidify, allowing the filaments
to stick to the extruded layer. However, the properties of the current 3D printer were a
limiting factor, and did not succeed in producing scaffolds with the desired resolution, i.e.,
level of detail. This was mainly due to the available nozzle diameter which determines the
layer height and width of the extruded material, and thereby the finer details of the resulting
objected (471), see Appendix D for additional figures. This was especially troublesome for
printing the attachment wings in design 1. These had been designed with a thickness of 2 mm
to allow for screw tolerances, but this came out slightly thicker (~3-4mm) and less defined
than originally designed. In this stage of development, these printing size errors were
accepted but in the future, the nozzle diameter and layer height should be investigated more
thoroughly. Only three samples per design were tested in this experimental phase, to reach at
least n = 3, because of the availability of animal bones. Each experiment required an unused
bone and we were not able to source more than ten bones of the same species and the same
local abattoir (to contest variability between the upkeep of the animals and slaughtering

methods), because they were mostly processed for human consumption.

4.5.3 The insertion of the designs into porcine bone models was the easiest for design 1
and the more difficult for design 3

The first design had attachment wings to hold the screws making the insertion and fixation
straightforward. However, it occupied more space on the surface of the bone than the width
of the inserted part and would only be feasible if it was level with the bone. The second
design involved a metal casing that is about 2 mm thick but in patients with reduced sub-
acromial space, this could pose a significant problem and lead to shoulder impingement

complaints (472). This same concern could be raised for the first design. During the
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experiment, it was clear that the metal casing did not align properly with the polymer sample,
and therefore did not have enough grip to prevent it from being pulled out. The rubbing of the
metal casing against the underside of the supraspinatus tendon in abduction can also be a
cause of concern in the long run (472). Also, this design had wider dimensions than the other
two, meaning that a wider hole had to be drilled in the bone. Since the designs all had the
same metrics to allow the incorporation of the electrospun filaments, it was not possible to
reduce the width and thereby the size of the metal case. Its main attraction here was the
insertion of screws in metal rather than the polymer to preserve its integrity and have no
interference with the electrospun soft part. Finally, a design that consists of a degradable and
non-degradable material is not ideal as the metal casing will cease to serve a purpose once the
polymer has degraded and in the long-term could cause adverse reactions in the body (/64).
The same is true for the screws that are used in every design. Future work should explore if
the metal casing and screws could be replaced by a biodegradable alternative. The third
design occupied the least space externally, but the most internally. This was the more elegant
design, since only the electrospun filaments would be emerging from the footprint area and
less external space would be occupied than with the other two designs, reducing the risk of
impingement. However, in practice this fixation was the most challenging as it not possible to
ascertain whether the screws were in position. An additional implant guide would be needed

for a secure fixation.

4.5.4 The ongoing debate about the proper insertion angle

All samples were inserted at 45° or 90°. The fixation strength of any type of anchor is
dependent on its design, the angle and depth of insertion and the bone density of the patient
or specimen involved (473). There has been considerable debate about which insertion angle

is the most preferred one in rotator cuff repair constructs using suture anchors. The concept
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of the ‘deadman angle’, was first introduced by Burkhart (469) and refers to the angle that the
suture emerging from the anchor makes to the direction of pull of the rotator cuff. According
to Burkhart, this should be equal to or less than 45°, and if it were to approximate 90° it
would increase the risk of suture failure due to high tensions. This concept has been
disproven over the years with a preference towards an insertion angle of 90° (473-478) but
has since elicited a strong rebuttal from the original author citing questionable materials and
experimental set-ups (479-481). In this experiment, the angle of fixation did not result in
significant differences across the mechanical properties of the designs. The samples were
evaluated mechanically for cyclic loading, ultimate load to failure and displacement of the
implant. Hysteresis is the energy spent during loading and unloading of the sample — the
unloading curve is different from the loading curve and shifts to the right for each subsequent
cycle as it loses energy in the form of heat while it tries to find an equilibrium (482). As the
loading becomes stabilized, the energy lost is reduced and the curve becomes narrower. It is a
measure of the viscoelastic properties of a tissue and is related to its creep abilities, meaning
the increase in length (deformation) a tissue undergoes over time while being subjected to
constant load (483). This can also contribute to gap formation in a repair construct (484). The
overall displacement for each design was less than 5 mm during cyclic loading but increased
steeply to over 8 mm during static pull, meaning they could withstand the former well but not
the latter. Also, regardless of design, all samples had a similar increase in displacement

during the cycles.

4.5.5 Biomechanical testing of the different designs was most successful for design 1
The first design was the simplest to fixate and apart from the first repeat which suffered from
suture failure, the curves look consistently narrow with the least displacement overall. The

two successful repeats had similar loads to failure but showed the most displacement during
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this final static phase. However, failure here was not due to the design but a failure of the
suture. This was noted by the difference in colour of the suture emerging from the implant
(wet vs. dry) at the end of the experiment compared to at the beginning, and the displacement
at failure which was the largest for these samples. The cheese-wiring effect was also the most
pronounced in this set of samples. The second design performed the worst with two
premature failures, and this was mostly due to the misalignment of the metal casing on the
polymer. Lack of time and funding meant that this could not be attested any further and
repeat experiments should be performed to evaluate whether this design is actually worse
performing than the other two. The premature failures led to a larger mean displacement per
cycle, resulting in broad curves in the load-displacement graphs. Also, the repeat sample that
did survive the cyclic loading had quite a low ultimate load to failure compared to the other
two and could withstand about 30N past the maximum force during cyclic loading. The
suture pulling through the polymer is a similar mode of failure as slipping of the suture in
knotless suture anchors (485). This type of anchor was developed two decades ago as a
solution to the problem of knot tying during arthroscopic rotator cuff repairs (486) and served
to reduce surgical costs and operating time as well (487). Displacement for these samples is
therefore perhaps an inaccurate description, as the samples did stay in place during the
experiment and would serve better to describe the extension of the sutures. The last design
was the most difficult to fixate. It would serve to have a custom-made guide to ensure that the
screws penetrate the construct. This was initially considered in the design process but was not
further explored here due to lack of time and funding. It was clear that fixation was
suboptimal from the start of the experiment, as the samples started moving up and down
during the cyclic loading experiment and did not stay fixed in place. The suture failure might
have been due to the central screw blocking the suture as it underwent loading, causing

friction and eventual failure (/04). Indeed, this sample had the highest load to failure across
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all, and the narrowest cyclic loading curve. In the final biphasic scaffold, the electrospun
fibres would not be in direct contact with the screws. With proper fixation techniques and an
alternative soft part (electrospun filaments), this design could be a promising candidate
compared to commercial suture anchors, especially as it occupies the least space on the
humeral head and sits completely within the bone. A cutting guide would serve to prevent the
screws from encroaching onto the soft filaments and to accurately visualise the location of

the implant from the lateral side.

4.5.6 A comment on current biomechanical loading practices

A final remark is on the cyclic loading regime adopted here. It has been proposed that cyclic
loading regimes present a more physiological loading conditions than static, single-pull
experimental set-ups and that failure under the former constitutes bone failure whereas the
latter 1s predominantly suture failure (/17). The cyclic loading protocol (128, 462) adapted in
this experimental set-up was informative for the fixation method of the biphasic scaffold.
Cyclic loading has been widely trialled and tested in the context of rotator cuff repairs and
have involved a myriad of different set-ups and materials used. Nagra et al (/28) tested the
mechanical properties of four commercially available all-suture anchors using the same
loading protocol as in this Chapter and found them to fail at 103.9-181.0 N with a total
displacement of 19.7-33.7 mm. Kim et al (488) tested the metal corkscrew anchors by
Arthrex loaded with a No2. FiberWire suture and found an ultimate load of 349.7-516.3 N
with a gap formation of 1.7-7.6 mm. These ultimate failure loads achieved by the current
prototypes (179.07-340.66 N) fall within a similar range, as do the displacement values (4.71-
7.71 mm). However, there remains a large variability in the data presented here and in the
literature. A landmark study by Barber et al (/4) testing a wide variety of rotator cuff anchors

at a cyclic loading protocol of 10 to 100 N over 200 cycles found a mean pull-out force of

170



Adapting the design of the 3D printed part of the biphasic scaffold

173.3-760.9 N while no anchors reached a displacement value higher than 5 mm. While their
materials included several metal anchors, they rightly conclude that the trend of novel suture
anchors is towards radiolucent materials, most notably biodegradable and biocomposite
polymers (/4) such as the ones used in this work. However, the cyclic loading and
mechanical behaviour of these implant designs was evaluated at time-point zero, meaning
that they were implanted and tested directly, as was done here also. After patients undergo
rotator cuff surgeries a period of relative immobilisation of 4-6 weeks follows (489) to allow
the implant to integrate into its surroundings and for the tissues to heal. This does not mean
that no movement may occur at all — in fact, small range of motions from the wrist, hand and
elbow are encouraged to prevent post-operative stiffness (489). By 12 weeks postoperative,
unrestricted movements may occur and strengthening exercises are advised (489). However,
passive motion immediately postoperatively is under debate as recent studies have shown that
it could impede tendon-to-bone healing and increase risk of re-rupture (490-493). A material
with superior mechanical properties (e.g., ultimate tensile strength) will not perform
adequately if the tendon does not heal (/35). It is therefore important to consider the
surrounding biology, which is not reflected in the work here or in many biomechanical
studies of commercial suture anchors. Although clinical studies involving patient reported
outcomes and medical imaging do exist, they are subject to different specifications including
the surgical techniques and materials used, the rehabilitation protocol and follow-up period.
To effectively design an implant that meets clinical requirements, a more robust method of
testing these is necessary that involves more than artificial loading regimens and static pull-

out.

171



Adapting the design of the 3D printed part of the biphasic scaffold

4.5.7 Limitations and future work

Several limitations exist to this work. Firstly, due to ethical, financial and time constraints it
was not possible to obtain cadaveric human bones or 3D printed bone models of an accurate,
bone-mimicking material. Fused deposition modelling (FDM) is one of the main forms of
additive manufacturing that is used in patient specific 3D printing, along with laser sintering
and stereolithography (494). FDM was deliberately chosen in Chapter 2 as the 3D printing
modality because it allows for an easy and direct incorporation of the electrospun filaments,
and therefore no other 3D printing methods were tested. However, the major limitation was
the imprecise printing of the designs due to printing a material with a low melting point and a
relatively wide nozzle diameter. This was especially relevant for the first design, which
required many iterations to achieve an acceptable quality, meaning the internal lattice
structure was preserved and the external features were printed as designed with minimal
sizing errors. The printing of the tunnels for the sutures and the holes for the screws was also
difficult to achieve and had to be amended manually after printing. This could have been
addressed during the course of the DPhil, but unfortunately the 3D printer was largely
unavailable during the pandemic years and use of it was charged on an hourly rate, excluding
cost of material. This left the data collection for this Chapter quite thin and upon reflection, it
would have been much better to purchase our own 3D printer and experiment with all
different settings in the time allowed with no extra cost involved. PCL was the optimum
choice in this setting, however, as it is widely used in bone tissue engineering applications
and is easily miscible with calcium phosphates to increase its osteoconductivity (see
Background, section 1.6.3). It is also highly tunable as a thermoplastic in FMD printers.
Physical 3D printing was not possible until quite late in the timeframe of this thesis, due to
the ongoing pandemic and the unavailability of 3D printing facilities. Exploring different

biodegradable polymers or polymer blends (e.g., PCL/hydroxyapatite/B-TCP, PCL/starch,
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PLA) is a consideration for future work, including consequent mechanical and bioactivity
testing. Furthermore, the protrusion of the implants would have to be evaluated in a more
carefully designed experiment in which shoulder impingement should be quantified as well,
for example, using a full model of the shoulder joint (scapula and humerus). Also, due to the
limited time and resources available, it was not realistic to provide the samples used here
with electrospun materials. The number of filaments per sample (~270 of about 15-20 cm in
length, see Chapter 2) requires at least 40 metres of stretched electrospun filaments and
roughly 365 metres in total. Also, since the maximum pull-out force for this number of
filaments was already tested in Chapter 2, a commercially available and popular suture type
used in rotator cuff repairs was used instead. However, since the molecular weight of the
polymer used in this work was high (My, = 50,000 g/mol), it was soft in nature (495) and
suffered the effect of the abrasive suture pulling through it during testing, similar to a suture
pulling through tendon (/76). This means that the values for displacement as given by the
machine might not be entirely accurate, since it involves the length of the suture pulling
through the material, as well, rather than just the length of the sample moving in the bone.
This effect was seen for every sample, but it is unclear whether this happened during or after
cyclic loading, as there was no way of inspecting them prior to the final failure test. This
would have required an additional extraction and insertion step which was not feasible. It
could be said that this contests the presented data, and the aim is therefore to repeat the
experiments in this Chapter with the biphasic scaffold including either a less abrasive suture
type, or the electrospun filaments, as originally intended. Future work should also focus on
creating scaffolds that approximate the biological and mechanical properties of native bone
tissue, which can be achieved by blending PCL with hydroxyapatite or § -TCP (Section 1.6).
This was not within the scope of this thesis and was therefore not attempted here. A summary

of the main advantages and disadvantages of each design is present in Table 4.2. In the first
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design the main advantage is the strong and easy fixation but this also occupies the most
space on the external surface of the bone. The second design is similar in this and has an
added metal case which is easily misaligned, but which means that the entire polymer block
can be used for the electrospun filaments. Finally, the third design is the easiest to print and

insert but unless there is a way to visualise it from the outside, fixation remains difficult.

Table 4.2 The main advantages and disadvantages of each design.

Design Advantages Disadvantages

"
W

Single unit

Easy insertion

Easy fixation
Strong fixation
Least displacement

High impingement risk
External space occupation
Difficulty 3D printing
Misalignment of screws

™

Easy printing

Easy insertion

Screws fixed in metal
rather than polymer
3DP block dedicated to
ES filaments

High impingement risk
External space occupation
Two separate units
Non-degradable case
Misalignment of casing
Misalignment of screws

Single unit
Easy printing

Difficult fixation
Internal space occupation

- Easy insertion
- Low impingement risk

4.6 Conclusion

The overall aim of this chapter was to redesign the hard part of the biphasic scaffold to meet
clinically relevant dimensions. The feasibility of the resulting designs was tested by inserting
them into bone models using common surgical tools, and evaluating their mechanical
properties by subjecting them to cyclic loading and tensile testing. Commercial suture
anchors also consist of a hard (bone anchor) and soft part (suture) and have excellent

mechanical properties. However, as discussed at length in Chapter 1 and 3, they do little to

174



Adapting the design of the 3D printed part of the biphasic scaffold

encourage native tissues to heal and result in a high failure rate. In this work, the soft cuff is
completely embedded within the hard cuff, negating the problem of suture slippage and
eyelet breaking, which are frequent modes of failure in traditional suture anchor systems.
Also, since the anchor is composed of a polymer with positive reports of its osseointegrative
abilities, it could potentially reduce the incidence of failure by migration or pull-out.
However, although the theoretical advantages of the current designs are interesting, there is
still much to explore in terms of the practicalities. Important focus points are the
manufacturing of full prototypes including the soft electrospun cuff and using a

representative experimental model for initial testing at time zero and beyond.
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Chapter 5 General discussion and conclusions

5.1 Overview of thesis aims

The main aim of this thesis was to design a scaffold consisting of a soft and hard part through
the combination of electrospinning and 3D printing for rotator cuff applications. These
techniques are increasingly used for tissue engineered multiphasic scaffolds with promising
results and have a good potential for scale-up, but have not yet been combined in an effective
and straightforward process. In Chapter 2, I introduced a novel strategy by 3D printing on top
of pre-assembled electrospun filaments to create soft-hard constructs. The polymers that were
used were chosen based on prior FDA approval, a well-established use in clinical and tissue
engineering uses and previous experience in the group. The potential for scaling up these
scaffolds to meet clinically relevant mechanical requirements was also investigated. We were
able to produce a 3D printed PCL scaffold consisting of a maximum of 270 ES filaments
divided in 10 layers that was able to meet an ultimate tensile load that approximated a
clinically relevant threshold value (226.8 £46.9 N). In Chapter 3, the soft part of the scaffold
consisting of ES PDO filaments was compared to a commercial suture equivalent
(FiberWire) and assessed for cell attachment and behaviour using next-generation sequencing
and computational analysis. It was hypothesized that fibroblasts seeded on ES filaments
would have a higher seeding efficiency, show a different morphology, and exhibit a different
genetic expression compared to Fw sutures. Although the initial cell attachment and
proliferation rate was low for both materials, cells on electrospun filaments attained an
elongated and spindle-like shape compared to cells on Fw sutures that stayed relatively flat
and rounded for the duration of the cell culture period. This is most likely due to the

similarity of the aligned ES filaments to the arrangement of tendon tissue ECM. Furthermore,
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RNA-Seq analysis revealed an up-regulation in developmental and proliferative genes for
cells on ES filaments, while those on Fw had an up-regulation of genes in the wound
response combined with an upregulation in rheumatoid arthritis and IL-17 pathways. Finally,
we focused on improving the geometry of the hard part of the scaffold consisting of 3D
printed PCL. This was modified to fit the anatomy of the greater tuberosity of the humerus
using anonymized patient CT scans. The pathway from 3D printing to personalised patient
implant is becoming increasingly popular and advancing into a well-established pipeline
which we used to our advantage. The resulting prototypes were tested for surgical feasibility
by implanting and fixing them into porcine bone models and subjecting them to mechanical
testing using a pre-defined loading regime. Outcomes were compared to those of suture
anchors currently used in rotator cuff surgeries. Although fixation was suboptimal due to the
prototypes having a geometry that was intended for human bones rather than porcine ones,
this initial experimental set-up provided useful insights into the advantages and disadvantages

of each prototype and opened the potential for future work on them.

5.2 Use of electrospinning and 3D printing to fabricate a soft-hard

scaffold

5.2.1 A novel layering approach for tissue engineering
Previously, researchers have been depositing random electrospinning nanofibrous meshes by

electrospinning directly onto 3D printed layers to produce composite scaffolds in the context
of bone, cartilage, and ligament engineering (285, 496-499). The work presented in this thesis
differs from the previous attempts in several aspects. We used a layering approach by
interrupting the 3D printing process to insert pre-assembled electrospun filaments as opposed
to electrospinning directing on top of an existing 3D printing block. We also used aligned
electrospun filaments that mimics the ECM of tendon as opposed to random electrospun

fibres, thereby specifically focusing on the tendon-bone interface. We worked with two
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different polymers, PDO and PCL, to take advantage of the higher melting point of PDO to
enable its insertion during printing. Finally, our approach is both scalable, i.e., it has the
potential to be automated, and tunable as explained in section 1.6.6. PDO, however, is not
widely used in the musculoskeletal field, most likely due to its relatively rapid degradation
rate compared to other synthetic biodegradable polymers (/48, 172, 173, 259-261). Other
reported uses include electrospun PDO as a drug delivery system and for vascular
engineering (500-502) and although there are studies investigating combinations of
electrospun PDO and electrospn PCL (261, 500) and blends of a PDO/PCL polymer (503),
no reports exist on a combination of electrospun PDO and 3D printed PCL. In this work, we
have proposed a plain method of merging these polymers using accessible and simple

techniques.

5.2.2 Future opportunities offered by the novel layering approach

5.2.2.1 Increasing the number of layers through improved FDM devices

We used an extrusion-based 3D printing method to manufacture the hard component of the
scaffolds because it was compatible with the insertion of electrospun filaments. To keep the
consistency throughout the experimental chapters, we only used one 3D printer (Ultimaker 3)
based on the FDM method. Although it would not have been time-consuming to do so, I did
not investigate different printing resolutions, which would have allowed a more precise and
finer product and a more intricate inner design, as the focus was on the layering approach and
expanding the number of filaments to insert while maintaining the same dimensions rather
than improving the internal structure, at this stage. In addition, the maximum layers of
electrospun filaments I could insert into a single scaffold depended greatly on the layer
height. I used the minimum possible thickness, but using a different, more advanced printer

(such as the Ultimaker S5) could perhaps have allowed us to insert even more filaments and
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thereby increase the overall mechanical strength of the biphasic scaffold. Furthermore, we
did not explore alternative printing patterns or infill densities which can be used to modulate
porosity and pore size. This is known to greatly influence cell attachment and infiltration in
tissue engineering and would require a separate project to fully investigate its potential. The
effect of different fibre diameters and alignments was not considered in the soft part of the
scaffold. To keep the consistency throughout all chapters, the fabrication of the filaments was
done using the same set of parameters each time. [ used aligned filaments with a diameter
(<10 pm) similar to values reported in this group previously for PDO filaments (/73, 292). In
the literature, many different set-ups are used for 3D printing and the integration with
different materials. Depending on the intended application, the combination of parameters to
create tissue-engineered scaffolds can be changed accordingly and presents a wide range of

potential.

5.2.2.2 Automatising scaffold production

Each scaffold was prepared and assembled manually by a single person and was therefore
quite time-consuming. Since these techniques are quite well-established and have already
been scaled up for various endeavours, the production the separate components could be
increased quite easily. A major potential for future work would be the automatizing of the
manufacturing process, whereby the bundles of electrospun filaments would be incorporated
into the 3D printed scaffold by a robotic arm, for example, rather than manually. This would
allow more precision and control of the configuration of the bundles and the printing time
between layers and ensure that each scaffold is manufactured the same. Differences in
mechanical outputs can then truly be attributed to the materials used rather than to human
errors affecting a manual assembly. Adapting existing 3D printers to include an extra assisted
device for layering electrospun filaments during printing could be an interesting engineering

challenge to investigate. An example of such a design is presented in Appendix E, in which a
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similar 3D printer to the one used in this thesis is fitted with additional, removable parts to

facilitate the layering of electrospun filaments during 3D printing.

5.2.2.3 Improving the chemistry of the biphasic scaffold for enhanced cell response

In this thesis I chose to 3D print using PCL, which is a highly tunable polymer with a slow
degradation rate that has shown considerable promise in bone-tissue applications. One
property that was not explored is its easy miscibility with other compounds, including
calcium phosphates which have long been used to improve the osteoconductive and
mechanical properties of PCL. Calcium phosphates are already being used in clinical
biocomposite anchors for the same purpose and would not have to go through extra
regulatory pathways to be included. Cell attachment using osteoblasts was only assessed in a
limited manner using a human osteoblast-like cell line (MG-63) as a pilot experiment in
Chapter 2, see section 2.3.10. We did not attempt to isolate and extract tenocytes from animal
or human models in this DPhil as this was too prone to infections and would not yield in
enough cells for the experiments needed. Mineralisation of PDO scaffolds has been
investigated for bone tissue engineering applications by either incorporating bioceramic
particles in the polymer solution for electrospinning or by coating them in mineralisation
substances (504-506) and remains to be explored in the context of this thesis. Coating the
electrospun PDO filaments prior to assembly might facilitate infiltration of osteoblasts into
the internal structure, as well as favourably affect the scaffold porosity. It could also create a
more gradual transition from the hard 3D printed part to the soft electrospun part and in effect

be considered a triphasic scaffold.
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5.3 Electrospun filaments induce different transcriptional responses

in fibroblasts compared to clinical sutures

5.3.1 Transcriptome-level differences between electrospun filaments and commercial
sutures

In our current study, we found an up-regulation of genes relating to the IL-17 pathway in
FiberWire, but not in the electrospun filaments. The lack of knowledge of the body’s immune
response to suture materials was highlighted by Lock et al (/24) who studied the levels of
inflammation produced by seven common suture materials. Pro-inflammatory markers that
are expressed early in a foreign body reaction (L-1p, IL-1a, TNFa, IL-8 and CCR7) were up-
regulated in four suture types, including FiberWire, with no balance from anti-inflammatory
markers (TGFB1, IL-1RA and CD163), although the cell culture period was only five days.
IL-17 is a pro-inflammatory cytokine and is involved in the fibrotic response to synthetic
implanted materials, characterized by the influx of macrophages in response to protein
adsorption of the implant (507). In addition, the response to wounding and angiogenesis were
among the most prominent enriched GO term, and in combination with IL-17 would suggest
that the foreign body response is simulated (507). Angiogenesis is the final step in wound
healing and is stimulated by endothelial cells. It was also an enriched term in the electrospun
sutures but might have a different context. As mentioned before, PDO blended with collagen
or elastin is a commonly used polymer for vascular tissue engineering because it resembles a
similar compliance to native arteries (508, 509). Heene et al. (570) created a macroporous
PDO scaffold using salt leaching, coated this with fibrin and co-cultured human umbilical
vein endothelial cells (HUVECs) and adipose tissue-derived MSCs to form a vascular
network. The fabrication of a microvasculature structure is of interest in growing tissues
constructs and could potentially be of interest in the regeneration of the tendon. Indeed,

angiogenesis is a key aspect of many repair processes and it is believed that the poor healing
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abilities of the tendon are due to its hypovascular state (5/7). Therefore, electrospun PDO
filaments could prove to be a positive influence on the ingrowth of new blood vessels and

repair of tissues.

5.3.2 Limitations and future work

5.3.2.1 The use of FiberWire as a comparator material

FiberWire is a highly popular choice in rotator cuff surgeries but is not used as a comparator
to tissue-engineered scaffolds for musculoskeletal purposes in the literature. For example, the
morphology of cells on FiberWire sutures has only been described in two studies (293, 512).
In fact, other than reporting on biomechanical properties, there seem to be few reports on
basic biological properties for clinical sutures, which are often limited to basic cell viability
experiments and histological evaluations in animal models (573). The use of clinical sutures
in the body is associated with a foreign body reaction and there are several case reports
involving the use of FiberWire detailing such complications and necessitating a subsequent
removal of the suture (57/4-517). Perhaps a further investigation is considered superfluous as
they have already passed approval by the major health organizations and have been in
circulation for decades with only a small number of published case reports. However,
considering the main advantage of biomaterials is their biological superiority it is surprising
that they are not more often compared to clinical equivalents in in vitro or in vivo
experiments. In this body of work, only one type of clinical suture was used to perform
experiments with. In future work, this could be expanded to include a larger variety of sutures

and grafts to have a wider range of comparisons.

5.3.2.2 Implementation of a co-culture model and loading regime
The materials used here were solely tested in vitro using commercial cell lines and well-

established protocols in a monoculture. A co-culture system, i.e., the seeding of different cell
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types to approximate the complexity of the ECM in a single environment, has been used to
engineer a variety of heterogeneous tissues in mono- or multiphasic scaffolds to induce
differentiation of cell types into the specific populations that make up the interface zone, as
briefly described previously. Tendon cells are mechanosensitive and can change their ECM
composition based in response to loading stimuli (5/8). With the advent of novel tissue
engineered scaffolds, dynamic bioreactors have emerged as a way to apply load under
specific conditions. A bioreactor is a device that can reproduce physiological conditions to
positively influence cell proliferation and differentiation (5/9). As a step further, in a recent
study by our group (520), a humanoid robot was integrated with a bioreactor to deliver
loading regimes to fibroblasts cultured on bundles of electrospun PCL filaments for the
purpose of tendon regeneration. These offer exciting advances for biomaterials and brings an

important clinical relevance to tissue engineering.

5.4 The design of a clinically relevant 3D printed block

In the final Chapter we adapted the geometry of the hard part of the biphasic scaffold to fit
that of the greater tuberosity of the humerus. The aim was to design prototypes that would fit
the number of electrospun filaments described in Chapter 2 to meet mechanical needs and
which would be possible to implant in the footprint area of the supraspinatus tendon. This
was achieved by collaborating with external medical manufacturers and is a first step in

towards the clinical translation of the prototype.

5.4.1 The advantage of a single unit suture-anchor
Compared to currently used suture anchors, the 3D printed part of the proposed prototypes
are of relatively large dimensions, but do not occupy more space in the bone in total.

Conventional suture anchors are usually placed about 1 cm apart from each other and as
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many as eight different sutures can be inserted in the repair of massive rotator cuff tears.
Furthermore, there are many options of suitable anchors that can be combined with different
types of sutures. Each suture-anchor comes with a different insertion tool and technique as
well. This can create quite some variability in the effectiveness of the rotator cuff repair, as it
becomes reliant on these materials and the surgeon’s expertise. In fact, most research
dedicated to surgical rotator cuff repairs involves the comparison of various repair
techniques, anchors and sutures and, although insertion method are very similar, there is no
standardization in the best practice approach (527). Indeed, this will also vary from country
to country as different manufacturers will be dominating the market. In our approach, the
scaffold can be changed according to patient anatomy and does not require custom-made
tools. We presented three different prototypes with basic fixation methods using screws.
Although several concerns were discussed in Chapter 4 regarding impingement and the
potential difficulty of fixation, we believe there is room for optimization and further

development of these types of implants in collaboration with orthopaedic surgeons.

5.4.2 Future aspects worth exploring

5.4.2.1 Fixation of the electrospun cuff to tendon tissue

One avenue that still requires investigation is how to attach the electrospun filaments into the
remaining tendon. Currently, the electrospun cuff emerges as a bundle of individual, parallel
aligned filaments that can be up to 270 in numbers. Naturally, this is not a practical way of
handling this scaffold. In the first Chapter, we briefly experimented with twisted bundles, but
this was not further explored due to an unsuccessful incorporation into the 3D printed block.
This was entirely due to the difficulty of fraying the twisted ends and making sure the
filaments were stuck on the adhesive block individually and did not clump together.

Furthermore, the twisted filaments became slack and lost their structure as the ends were
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frayed, although we tried preventing this by tying a knot at the end. A better preparation of
the bundles prior to printing, combined with a more thorough layering of the bundles would
have most likely resulted in a successful merging of the twisted bundles into the 3D printed
block. In conventional anchors, the sutures are looped through the eyelet of the anchor and
emerge from the bone in single, double, or triple-loaded strands to be passed through the
tendon. Knot-tying is an entirely separate discipline as well depending on whether it is an
arthroscopic or open repair or a sliding or non-sliding knot and the quality of it depends
heavily on what suture is used (5217). Indeed, a knot of a bulkier suture can occupy too much
space in the subacromial space and cause impingement and irritation which can negatively
affect soft tissue healing (527). Abhari et al (269) have recently published on the use of
industrial braiding machines to upscale the production of electrospun filaments and
assembling them into multifilament yarns, much like conventional sutures, for clinical
translation. Embedding multifilament yarns into 3D printed blocks is therefore a possibility
for future work and would make the scaffold as presented here much more practical for
handling and use in surgical settings. In addition, textile techniques such as braiding, weaving
and twisting have been used for millennia to increase the strength of natural fibers (e.g.,

cotton, wool or silk) and can definitely be used with electrospun filaments as well.

5.4.2.2 A more thorough evaluation of PDO and PCL

The approach taken in this thesis fits well with the advent of ‘point of care (PoC)’ 3D
printing in orthopaedic surgery and traumatology (522). The 3D printing technique has
become ubiquitous and widely accessible which has attracted health care facilities to
incorporate ‘in-house’ 3D printing laboratory and make the leap towards personalized
medicine and custom-made implants (522). These are commonly extrusion-based printers and

are operated by biomedical engineers who work collectively with surgeons from various
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disciplines to design and print patient-specific implants, surgical guides and instruments, and
anatomical models. The workflow starts by converting a dataset of medical images (usually
CT) into a virtual object that is either designed de novo or is a mirror of a healthy counterpart
(523). Many different software packages are available to do this, and the virtual object is
consequently passed to the 3D printer. The PoC manufacturing model adheres to the
regulatory framework surrounding customized 3D printing if the materials used are certified
under ISO 10993 — which is the set of guidelines for medical devices that make bodily
contact. However, not all European regulations have to be met if the product is used only
within the hospital and is not aimed for market release (523). Furthermore, if the product is
intended for direct contact with patients, sterilization can occur using standard hospital
policies (523), for example, by use of ethylene oxide as regular hospital steam sterilization
(i.e., autoclaving) can damage the 3D printed implant (523). We used an indirect cytotoxicity
assay in this thesis to evaluate the safety of PDO and PCL in their current state, based on an
ISO for medical devices. It is one of the most widely used cytotoxicity assays for biomedical
applications (524), but is only sufficient as an in vitro assessment. Even though both
polymers are FDA-cleared and have translation potential, no device currently exists on the
market that is a combination of both and therefore the ISO 10993 regulations will need to be
applied more in depth, here. This includes and is not limited to test for local effects after
implantation, residuals by ethylene oxide sterilization and tests for the identification and
quantification of degradation products (300). Therefore, for future work, a more in-depth

evaluation of the proposed scaffold is also needed.

5.5 Main limitations in this thesis

Specific limitations to each experiment have been considered per chapter, but there are also a
few overall limitations. The impact of the Covid-19 pandemic has also been addressed and

posed significant disruptions for the completion of this thesis. As briefly mentioned before,
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the continuous supply of materials presented a significant limitation on the extent of the
experiments performed. The electrospinning setup in our laboratory could spin high-quality
filaments continuously but was highly susceptible to environmental changes and was
eventually outsourced to our cleanroom production team in Harwell to ensure filaments were
of consistent quality. For the experimental section in Chapter 2, materials were

used right away to prevent adverse effects from degradation but for the sections in Chapter 3
this was of less importance. Sufficient material could not be produced for the experimental
section in Chapter 4, nor was there availability to produce the full prototype scaffolds at the
3D printing facility, and a commercial suture was chosen instead to represent the cuff. Static
load to failure of the biphasic scaffolds with the maximum number of filaments was

already performed in Chapter 1, but cyclic loading was not performed and should be
considered for future work. Bulk RNA-Seq was performed in Chapter 3 and works best with
the assumption of a homogenous cell population. The cells presently used stemmed from a
commercial cell line, but this was not verified in-house. They were routinely tested for
mycoplasma and no bacterial or fungal infections were present, but cell-line contamination
by other species has become an increasingly widely known phenomenon (357). Cell line
authentication has not yet become standard practice in many laboratories and is one of the
major reasons for irreproducibility of results (525). It has been estimated that 18-36% of cell
lines used in scientific research are cross-contaminated, duplicated or misidentified (526).
The current cell line was purchased by ATCC and has no reports of contaminations or

misidentifications, yet.
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5.6

Conclusion

In this thesis we have presented a novel method of combining electrospinning and 3D

printing biodegradable polymers that have a track record of safety in patients. This approach

can be adapted and improved to design various types of soft-hard implants. The main results

are summarised as follows:

Layering pre-assembled bundles of electrospun PDO filaments during 3D printing of
PCL is feasible with minimal disruption to the overall process. The higher melting
temperature of PDO meant that the electrospun fibres were compatible with the
heating of PCL during printing and were only marginally affected. The resulting soft-
hard scaffold can be up-scaled by increasing the number of filaments within the 3D
printed block.

Fibroblasts were able to attach to the electrospun filaments and showed an elongated
and spindle-shaped morphology. RNA sequencing of cells on ES filaments revealed
differentially expressed genes that exhibited a more pronounced profile towards cell
proliferation and differentiation whilst Fw sutures had enriched pathways in wound
response and inflammatory pathways concerning rheumatoid arthritis and IL-17.

The 3D printed block can be designed to fit a specific geometry using point of care
principles, in which anonymised medical imaging is used to segment and define the
boundaries of the scaffold according to implant location. The resulting designs could
be inserted and attached in porcine models using existing tools and could undergo a

pre-defined cyclic loading regime resembling the postoperative rehabilitation period.

This thesis contributes to the wider research community investigating multiphasic scaffolds

using synthetic polymers by offering an easy, reproducible, and adaptable fabrication method

that is relevant for clinical settings.
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Appendices

Appendix A.  Pipeline for RNA-Seq analysis

A.1 Pipeline for kallisto pseudoalignment and QC

Once you have your sequencing files, you need to download them and align them to a reference
genome. I have used the kallisto pipeline to do so, adapted from Dr Adam Cribbs.

The following code will be run from the Terminal (Linux/Mac), NOT from the Python environment!
To start, download and install Miniconda first by following instructions here:
https://docs.conda.io/en/latest/miniconda.html.

NB: this does NOT work on Windows machines!
NB2: If any of the commands return authentication errors, run it with 'sudo’ in front of it

Sources:

- https://diytranscriptomics.com/project/lecture-02

- https://developer.basespace.illumina.com/docs/content/documentation/cli/cli-overview

# Install mamba and set up your environment

conda env list

conda install -n base -c conda-forge mamba

conda config --add channels bioconda

conda config --add channels conda-forge

cd ~/Documents #the cd command brings you to the directory of choice

B2

# Clone the github repository of Dr Adam Cribbs

git clone https://github.com/Acribbs/cribbslab.git

cd cribbslab

mamba env create -f conda/environments/cribbslab.yml
conda activate cribbslab # this will be the main environment!
python setup.py develop

git clone https://github.com/Acribbs/deseg2 report.git

$
$
$
$
$
$

# Install Illumina BaseSpace (BS)— two ways of doing this

1. Run following commands (NB: this did not work for me)

$ mkdir $HOME/bin

$ wget "https://launch.basespace.illumina.com/CLI/latest/amd64-o0sx/bs" -0
$HOME/bin/bs

2. If HomeBrew is installed run the following:
$ brew tap basespace/basespace && brew install bs-cli

# Set up directory and build index in same directory as FastQ files will be in

$ mkdir sequencing

$ cd sequencing

$ mamba install wget

$ wget http://ftp.ensembl.org/pub/release-

104/fasta/homo sapiens/cdna/Homo sapiens.GRCh38.cdna.all.fa.gz
# If using another species, please make sure to use the relevant genome!

# Download your files. NB: if these commands don’t work, add ./ in front of it
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$ bs projects list #pulls up a list of available projects on BS
$ bs project download -i 273727480 -o . --extension=fastq.gz #replace red
numbers with your own project

# Merging READ 1 and READ 2 of each sample into one file

$ find . -name "*R1_001.fastq.gz"| sort | paste - - - -
$ find . -name '*R1_001l.fastq.gz' -exec mv fastq \;

$ cat samplel_LOO* R1_001.fastq.gz > samplel R1l.fastq.gz
$ cat samplel_LOO* R2_001.fastq.gz > samplel R2.fastq.gz

$ fastqc *.gz #check quality of your files

# Building kallisto index for HUMAN samples
$ kallisto index -i Homo sapiens.GRCh38.cdna.all.index
Homo_sapiens.GRCh38.cdna.all.fa

# Mapping paired-end data using kallisto — repeat this code for EVERY sample you have!
$ kallisto quant \ #calling program and function

-i Homo_sapiens.GRCh38.cdna.all.index \ #name and path of index

-0 samplel \ #name of output folder

-t 8 \ #number of threads to use

samplel R1.fastq.gz \ #name of read I fastq file

samplel R2.fastq.gz \ #name of read 2 fastq file

&> samplel.log #name of resulting log file

# Collate all QC reports into one
$ multiqc .

A.2 Pipeline for using DESeq2 in R Studio

This Rmarkdown document was compiled using different sources and is intended for
analyzing bulk RNA-seq data that has been processed using pseudoalignment with kallisto.
I’ve written this document with my samples in mind, so please remember to change relevant
code chunks to suit your experimental set-up. Please make sure you have all packages
installed before running the codes - this can be quite time consuming depending on your
machine! NB: I’ve included the code for ONE comparison to save the space — when looking
at multiple comparisons, obviously you will need to repeat certain code chunks.
https://diytranscriptomics.com/

https://www.hadriengourle.com/tutorials/rna/
http://bioconductor.org/packages/devel/bioc/vignettes/DESeq2
https://github.com/hbctraining/DGE_workshop/blob/master/lessons/
https://www.youtube.com/watch?v=tlfowYJrwKY &list=PLblh5JKOoLUJ02Q6xK4tZEIbIvAACEyk
p (videos to understand basic RNASeq stats)

# Set directory and sub files etc
# Load Libraries
library("DESeq2")
library("tidyverse")
library("pheatmap™)
library("rhdf5")
library("ensembldb")
library("tximport")

library("DT")

library("knitr")
library("EnsDb.Hsapiens.v86") # if using another species install the relevant package
library("RColorBrewer")
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library("gplots™)
library("EnhancedVolcano")
library("pathview")
library("clusterProfiler")
library("AnnotationHub")
library("annotables™)
library("org.Hs.eg.db")
library("enrichplot")
library("ggpubr™)
library("PPInfer")

# Read in metadata file

targets <- read.csv("studydesign4.csv") # metadata file

path <- file.path(targets$sampleID, "abundance.tsv")

rownames(targets) <- targets$sample # this is to make the first row the samplenames

# Read in kallisto output

Tx <- transcripts(EnsDb.Hsapiens.v86, columns=c("tx_id", "gene_name"))
Tx <- as_tibble(Tx)

Tx <- dplyr::rename(Tx, target id = tx_id)

Tx <- dplyr::select(Tx, "target_id", "gene_name")

Txi_gene <- tximport(path,
type = "kallisto",
tx2gene = Tx,
txOut = FALSE,
countsFromAbundance = "lengthScaledTPM",
ignoreTxVersion = TRUE)

TXI-gene[1:10:,:]

# Create DESeq2Dataset object and specify design

dds <- DESegDataSetFromTximport(Txi_gene, colData=targets, design=~group) dds$group <-
factor(paste@(dds$material, dds$timepoint)) # Group the factors together

design(dds) <- ~ group

keep <- rowSums(counts(dds)) >= 10 # Filter out Low count genes

dds <- dds[keep,]

dds <- DESeq(dds)

resultsNames(dds) # Look at what kind of contrasts you have

plotDispEsts(dds, main="Dispersion plot") # Plot dispersion estimates

# Transform counts for data visualisation

rld <- rlog(dds, blind=TRUE)
rld@colData@rownames<-targets$sample

DESeq2::plotPCA(rld, intgroup="group") # Generate PCA plot

rld_mat <- assay(rld) # Extract the rlog matrix from the object
rld_cor <- cor(rld_mat) # Compute pairwise correlation values (Pearson coefficient)

# Plot additional PCs - input is a matrix of log transformed values

pca2 <- prcomp(t(rld_mat))

df <- cbind(targets, pca2$x)

ggplot(df) + geom_point(aes(x=PC1, y=PC2, color = group)) #pick whichever PCs you want to plot

# Generate screeplot

rv <- rowVars(assay(rld)) # calculate the variance for each gene

select <- order(rv, decreasing=TRUE)[seq_len(min(500, length(rv)))] # select the ntop genes by
variance

pca <- prcomp(t(assay(rld)[select,])) # perform a PCA on the data in assay(x) for the selected genes
percentVar <- pca$sdev”2 / sum( pca$sdev”2 ) # the contribution to the total variance for each
component

scree_plot=data.frame(percentVar)

scree_plot[,2]<- c(1:24)

colnames(scree_plot)<-c("variance","PC")

scree_plot<-ggplot(scree_plot, mapping=aes(x=PC, y=variance))+geom_bar(stat="identity")

# Plot heatmap (sample-sample distance)
colnames(rld_cor) <- paste( rld$sample, sep="-"

)
")

rownames(rld_cor) <- paste( rld$sample, sep="-

samplel_meta <- targets %>%
rownames_to_column(var="samplename") %>%
as_tibble()
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annotation <- samplel_meta %>%
dplyr::select(samplename, material, timepoint) %>%
data.frame(row.names = "samplename")

pheatmap(rld_cor, annotation=annotation)

# Create sample-sample heatmap
sampleDists <- dist(t(assay(rld))) #calculates Euclidean distance. RlLd to ensure we have a roughly
equal contribution from all genes
sampleDistMatrix <- as.matrix( sampleDists )
rownames(sampleDistMatrix) <- paste( rld$material, rld$timepoint, sep = " - ")
colnames(sampleDistMatrix) <- NULL
colors <- colorRampPalette( rev(brewer.pal(9, "Blues")) )(255)
pheatmap(sampleDistMatrix,

clustering_distance_rows = sampleDists,

clustering_distance_cols = sampleDists,

col = colors)

# Generate cluster dendogram
library(matrixStats)

0 <- order(rv,decreasing=TRUE)

dists <- dist(t(assay(rld)[head(o0,500),]))
hc <- hclust(dists)

plot(hc, labels=rld$sample)

plot(hc, labels=rld$group)

distd <- dist(t(assay(rld)[head(o0,500),]))
hc <- hclust(distd)

dend <- as.dendrogram(hc)

# Output results of Wald test for contrast - the second variable will be the baseline that 1is compared
against

res <- results(dds,alpha = 0.05)

resl <- results(dds, contrast=c("group","electrospunfourteen"”,"fiberwirefourteen"),alpha = 0.05)

# Look at the number of DEGs per contrast
summary(res)

# Apply shrinkage per contrast
res_shrink<-1fcShrink(dds, res=res, type="ashr") #apply shrinkage, note I'm using "ashr" instead of
"apeglm"

[Tt non

resl_shrink <- 1fcShrink(dds, contrast=c("group","electrospunfourteen",

type="ashr")

fiberwirefourteen"), res=resi,

# Generate MA plots

par(mfrow=c(2,2))

DESeq2::plotMA(res_shrink, ylim=c(-2,2), main = "MA plot - overall")
DESeq2::plotMA(resl_shrink, ylim=c(-2,2), main = "ES 14 vs FW 14")

# Genenerate volcano plot per contrast
vpl<-EnhancedVolcano(resi,
lab = rownames(resl),
x = 'log2FoldChange’,
y = 'pvalue’,
title = "ES 14 vs FW 14",
titlelLabSize = 12,
xlim =c(-10,10), #makes all graphs equal in x axis
subtitle = NULL,
caption = NULL) # 1if this isn't set, EnhancedVolcano will by default put a subtitle here

# Arrange volcano plots in a grid
ggarrange(vp2, vp4, vpl, vp7,
labels = c("A", "B", "C", "D"),
#ncol = 2,
common.legend = TRUE, legend = "bottom")

# Set cut off values
padj.cutoff <- 0.05
1fc.cutoff <- 1

# Convert results PER contrast into tibble

res_shrink_tb <- res_shrink %>%
data.frame() %>%
rownames_to_column(var="gene") %>%
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as_tibble()

resl_shrink_tb <- resl_shrink %>%
data.frame() %>%
rownames_to_column(var="gene") %>%
as_tibble()
# Keep significant genes only
sigRes <- res_shrink_tb %>%
dplyr::filter(padj < padj.cutoff & abs(log2FoldChange) > lfc.cutoff)

# Normalized counts
normalized_counts <- counts(dds, normalized=TRUE)
colnames(normalized_counts) <- rownames(targets)

normalized_counts <- normalized_counts %>%
data.frame(check.names=FALSE) %>%
rownames_to_column(var="gene") %>%
as_tibble()

# Extract top 20 genes PER CONTRAST

top20_sigRes_genes <- res_shrink_tb %>%
arrange(padj) %>%  #Arrange rows by padj values
pull(gene) %>% #Extract character vector of ordered genes
head(n=20) #Extract the first 20 genes

top20_sigRes_genesl <- resl_shrink_tb %>%
arrange(padj) %>%  #Arrange rows by padj values
pull(gene) %>% #Extract character vector of ordered genes
head(n=20) #Extract the first 20 genes

# Extract normalized counts for top 20 significant genes
top20_sigRes_norm <- normalized_counts %>%
dplyr::filter(gene %in% top20_sigRes_genes)

top20_sigRes_norml <- normalized_counts %>%
dplyr::filter(gene %in% top20_sigRes_genes1)

# Gathering the columns to have normalized counts to a single column
gathered_top20_sigRes <- top20_sigRes_norm %>%

gather(colnames(top20_sigRes_norm)[2:25], key = "samplename", value = "normalized_counts") #for all
samples

# Specify which columns are of interest for the specific contrast

gathered_top20_sigResl <- top20_sigRes_norml %>%
gather(colnames(top20_sigRes_norml)[c(3,5,9,11,15,17,21,23)], key = "samplename", value =

"normalized_counts™)

# Join two metaframes

gathered_top20_sigRes_joined <- inner_join(samplel_meta, gathered_top20_sigRes)

gathered_top20_sigResl _joined <- inner_join(samplel_meta, gathered_top20 sigResl)

# Plot DEGs per contrast
top20<-ggplot(gathered_top20_sigRes_joined) +
geom_point(aes(x = gene, y = normalized_counts, color = group)) +
scale_y loglo() +
xlab("Genes") +
ylab("logl® Normalized Counts") +
ggtitle("Top 20 Significant DE Genes - overall") +
theme_bw() +
theme(axis.text.x = element_text(angle = 45, hjust = 1)) +
theme(plot.title = element_text(hjust = 0.5))

top20_1<-ggplot(gathered_top20_sigResl_joined) +

geom_point(aes(x = gene, y = normalized_counts, color = group)) +
scale_y loglo() +
xlab("Genes") +
ylab("logl® Normalized Counts") +
ggtitle("Top 20 Significant DE Genes - ES14 vs FW14") +
theme_bw() +

theme(axis.text.x = element_text(angle = 45, hjust = 1)) +

theme(plot.title = element_text(hjust = 0.5))
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# Arrange plots into a grid
ggarrange(top20, top20_1, top20_2, top20 4,
labels = c("A", "B", "C", "D"))

# Generate heatmap from DEGs
normalized_counts <- normalized_counts[which(duplicated(normalized_counts$gene) == FALSE), ]
norm_sig <- normalized_counts
norm_sig <- data.frame(norm_sig)
norm_sig <- norm_sig %>%
filter(normalized_counts$gene %in% sigRes$gene) %>%
data.frame(check.names = FALSE)

column_to_rownames(norm_sig, var = "gene")
rownames(norm_sig) <- norm_sig$gene

samplel_meta <- targets %>%
rownames_to_column(var="samplename") %>%
as_tibble()

annotation <- samplel_meta %>%
dplyr::select(sample, material, timepoint) %>%
data.frame(row.names = "sample")

heat_colors <- brewer.pal(9, "Y1OrRd")

pheatmap<-pheatmap(norm_sig[ ,2:1length(colnames(norm_sig))],
color = heat_colors,
cluster_rows =T,
show_rownames = F,
annotation = annotation,
border_color = NA,
fontsize = 10,

scale = "row",
fontsize_row = 10,
height = 20)

# Generate top 20 genes heatmap

pheatmap50<-pheatmap(top20_sigRes_norm[ ,2:length(colnames(top20_sigRes_norm))],
color = heat_colors,
cluster_rows =T,
show_rownames =T,

labels_row=rownames(top20@_sigRes_norm), #if this shows up numeric, make sure to subset the

rownames first: rownames(top20_sigRes _norm) <- top20_sigRes_norm$gene
annotation = annotation,
border_color = NA,
fontsize = 10,

scale = "row",
fontsize_row = 10,
height = 20)

# Return the IDs for the gene symbols 1in the DE results. Note I'm using grch38 here but there are also

other versions!
idx <- grch38$symbol %in% rownames(res_shrink)
ids <- grch38[idx, ]

idx_1 <- grch38%$symbol %in% rownames(resl_shrink)
ids_1 <- grch38[idx, ]

# Gene names can map to more than one Ensembl ID, so remove duplicates
non_duplicates <- which(duplicated(ids$symbol) == FALSE)
ids <- ids[non_duplicates, ]

non_duplicates <- which(duplicated(ids_1$symbol) == FALSE)
ids_1 <- ids_1[non_duplicates, ]

# Merge the IDs with the results
res_ids <- inner_join(res_shrink_tb, ids, by=c("gene"="symbol"))
resl_ids <- inner_join(resl_shrink_tb, ids_1, by=c("gene"="symbol"))

# Create background dataset for hypergeometric testing using all genes tested for significance 1in the

results
allSig genes <- as.character(res_ids$ensgene)

# Extract significant results



Appendices

sig <- dplyr::filter(res_ids, padj < 0.05) #if no genes are returned in EGO, then this cut-off can be
changed. Usually set at 0.05.
sig genes <- as.character(sig$ensgene)

sigl <- filter(resl_ids, padj < 0.05)
sig genesl <- as.character(sigl$ensgene)

# GO pathway analysis
ego <- enrichGO(gene = sig genes,
universe = allSig genes,
keyType = "ENSEMBL",
Orgbb = org.Hs.eg.db,
ont = "BP",
pAdjustMethod = "BH",
qvalueCutoff = @.05, #change i1f no genes! Normally at ©0.605
readable = TRUE)

egol <- enrichGO(gene = sig genesl,
universe = allSig genes,
keyType = "ENSEMBL",
Orgbb = org.Hs.eg.db,
ont = "BP",
pAdjustMethod = "BH",
qvalueCutoff = 0.05,
readable = TRUE)

# Output results from GO analysis to a table
cluster_summary <- data.frame(ego2)
write.csv(cluster_summary, "results/clusterProfiler_ego2.csv")

# Generate dotplots and arrange them in a grid
dp2<-dotplot(ego2, showCategory=25, title="ES14 vs ESO")

ggarrange(dp2, dp4,
labels = c("A", "B"),
common.legend = TRUE, legend = "bottom")

# Prepare count matrix for GSEA

res_entrezl <- filter(resl_ids, entrez != "NA") # Remove any NA values
res_entrezl <- res_entrezl[which(duplicated(res_entrezl$entrez) == F), ] # Remove any Entrez
duplicates

foldchangesl <- res_entrezl$log2FoldChange # Extract the foldchanges
names (foldchangesl) <- res_entrezl$entrez # Name each fold change with the corresponding Entrez ID
foldchangesl <- sort(foldchangesl, decreasing = TRUE) # Sort fold changes in decreasing order

# GSEA using gene sets from KEGG pathways
gseaKEGG1 <- gseKEGG(genelList = foldchangesl, # ordered named vector of fold changes (Entrez IDs are
the associated names)

organism = "hsa", # supported organisms Listed below

#nPerm = 1000, # default number permutations

minGSSize = 2@, # minimum gene set size (# genes in set) - change to test more sets or
recover sets with fewer genes

pvalueCutoff = @.05, # padj cutoff value --> change this if no enriched genes, default
is 0.05

verbose = FALSE)

#Extract results and write them to file
gseaKEGG_resultsl <- gseaKEGGl@result

write.csv(gseaKEGG_results2, "results/gsea_2 kegg.csv", quote=F)
# Generate plots for GSEA output and arrange them

GSEA.bp2<-GSEA.barplot(gseakKEGG_results2, category = 'Description', score = 'NES',
pvalue = 'pvalue', sort = 'NES', decreasing = TRUE, title="ES14 vs ES@")

ggarrange(GSEA.bp2, GSEA.bp4,
common.legend = TRUE, legend = "top")
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Appendix B.  Pathway analysis method

Pathway analysis was done in two ways. The first step was to perform an over-representation analysis
(ORA) using the Gene Ontology (GO) database, which contains information on genes and interactions
and is based on in silico data (i.e., via computer simulations) or confirmed laboratory experimental
evidence. It categorizes genes based on shared functions or pathways for many kinds of organisms
and determines whether any category is over-represented, i.e., enriched, in a list of experimentally
derived DEGs. It classifies relationships between genes according to three different vocabularies
(ontologies): molecular function (MF), cellular component (CC) or biological process (BP) and
annotates genes accordingly. ORA is performed using a hypergeometric distribution to calculate the
p-value (also known as the Fisher’s exact test). Briefly, the probability of the number of genes in the
DEGs list that is associated with a category is determined based on the number of genes associated
with the same category in the background set — relating to the specific organism. This gives the
following equation — which is used to calculate the adjusted p-value (p) for each category:

() G=x)
&)

N = total number of genes in the organism’s specific genome (background set)
n = total number of genes in the list of DEGs (experimental set)

K = probability of x number of genes in N associated with category A

k = probability of x number of genes in n associated with a category A

p:

The GSEA method is based on a weighted Kolmogorov—Smirnov-like statistic: briefly, a list of genes
is the output of the DESeq2 analysis. This list gets ranked according to fold change by GSEA. Then,
the distribution of genes across this list is assessed by walking down the list and using a running-sum
statistic: this means that the statistic value increases when a gene in the list is found that belongs to a
certain set and it decreases when it does not, see Figure B.1.

Running Sum
Gene Statistic

Names 0O +

GENEA Cona Set
GENEB GENEA
GENEC GENEC
GENED GENED
GENEE GENEF
GENEF GENEG
GENEG

Figure B.1 Running-sum statistic for the GSEA method.

During this ‘walk’ through the list, the maximum deviation from zero is also calculated which is
called the enrichment score (ES): this reflects how far removed a gene is from the top or bottom of a
list. If a gene set is not enriched, then those specific genes will be spread through the list uniformly
(the null hypothesis), but if it is enriched then these genes will largely be either at the top or bottom of
the list. Then, the p-values for the ES are calculated and adjusted for multiple hypothesis testing by
normalizing the ES for each gene set: the number of false positives is controlled by calculating the
false discovery rate (FDR) and the result is a normalized enrichment score (NES). A negative NES
means that the genes belonging to that set will be mostly at the bottom of the list and a positive NES
means the opposite. The closer the score is to 0, the more uniformly genes in each gene set are
distributed through the list.
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Appendix C.

Measurements for prototypes

Table C.1 Specifications of measurements obtained from the literature study. All measurements are given in mm.

Specimen information

M-L

A-P

S-1

CSA

Shape

Curtis (449)

Age: unknown

N: sex unknown, 26 fresh frozen
cadaveric shoulders

NB: specimens with rotator cuff tearing
or osteophytic changes were excluded

12-21

18-33

trapezoidal

Rickert (290)

Age: 23-94

N: 18 male and 7 female, 25 fresh
frozen cadavers

NB: articular or bursal partial-thickness
tears were excluded

22.1+£3.3

3.30+0.97;
2.59 +0.99;
2.21+1.04

Lumsdaine
(450)

Age: 49 - 96 (range)

N: 15 male and 12 female, 43 embalmed
cadavers

NB: Australian Caucasoid donors, no
"pre-mortem anatomical disruption”

6.7+£2.6

20.9+3.9
(medial)
64+1.5
(lateral)

122 £ 66.6

triangular

Mochizuki
(16)

Age: 77.3 (average)

N: 25 males and 39 females, 113
cadaveric shoulders fixed in 8%
formalin and preserved in 30% ethanol
NB: Japanese donors

69+14

12.6£2.0

43.5

triangular

Sessions
(451)

Age: 59 - 101 (range)

N: 11 male and 10 female, 21 embalmed
cadaveric shoulders

NB: no direct rotator cuff pathology

49+2.1

Volk (452)

Age: 48-76 (range)

N: 10 male, 10 female, 20 embalmed
cadavers

NB: no rotator cuff tears

42-77;
20-37

Kim (458)

Age: 61.9 = 16 (mean)

N: 10 male, 10 formalin embalmed
cadaveric specimens

NB: "no evidence of rotator cuff
pathology"

61.0+7.0;
29.0+6.0

8.0+2.0;
16.0£3.0

cord-like;
quadrangular

Roh (453)

Age: 82 (mean)

N: 10 male and 15 female, 25 embalmed
shoulders

NB: intact supraspinatus muscle and
tendon was harvested from each
specimen

84+2.1;
128+2.8

3.1£0.7;
2.5+0.7

26.4+11.3;
31.1210.1

Dugas (21)

Age: 48-88 (range)

N: 20 fresh frozen cadaveric upper-
extremity specimens

NB: "no evidence of previous shoulder
surgery or visible gross shoulder
abnormality. No rim rents or craters"

12.7 + 63

16.3£0.6

155+ 66

Ruotolo
(454)

Age: 70 (average)
N: 17 cadaver shoulders
NB: no partial- or full-thickness tears

11.6+£1.84

252+2.4

Nimura (455)

Age: 77.3 (average)

N: 2 males and 4 females, 12 cadaveric
shoulders fixed in 8% formalin and
preserved in 30% ethanol

NB: Japanese cadavers

3.5+2.3;
7.6+1.9

triangular

[toi (288)

Age: 56-69 (range)

N: 5 male and 6 female, 11 fresh frozen
cadaver shoulders

NB: no partial- or full-thickness tears

7.4+0.7;
7.0+1.2;
7.5+1.2

3.5+£0.5;
3.6+0.7;
29+0.5

25.5+4.3;
24.7+5.8;
21.9+53
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Age: 64-96 (range)
N: 41 embalmed cadaveric shoulders

[toi (287) NB: the measurements of the 11 182+2.8 [153+3.0 [22+£0.4 70 +20
shoulders with intact rotator cuffs are
presented in this table
Age: 68.3 £ 15.0 (mean)
N: 3 male and 4 female; 7 freshly frozen
Matsuhashi cadaveric specimens 13.3 (0.9); |4.8£0.8; 50.3 +£9.1;
(289) NB: no "disease of the shoulder 15.8(1.5) [2.7+04 32.8 +4.9
detectable by direct inspection or
radiograms"
Age: 60-93 (range)
Smith (178) N: 5 fresh frozen cafiavgrlc specimens 204033
NB: "no macroscopic signs of tissue
damage"
Age: 54-94 (range) rectangular
. i 76.3%);
Naidoo (456) N: Zfl male and 16 female, 40 cadaveric 201454 150443 ( 0)
specimens
NB: "38 white and 2 black individuals" round (23.8%)
Age: 54-92 (range)
N: 4 male and 5 female, 10 embalmed
shoulders
Minagawa (20)|NB: "without rotator cuff tears or any 22.5+3.1
other
abnormalities of soft tissue/bony str|
uctures"
Age range: 23 - 101 3.5-61 6.4-252 (2.0-4.9 21.9 - 155
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Appendix D.  Additional figures Chapter 4

A.

Figure D.1 Printing of the scaffolds in various tries with a top view (A, D, G), lateral view of the bottom layer (B, E, H) and
lateral view of the top layer (C, F, I).

Figure D.2 Printing of the scaffold with the metal casing (A) resulted in a larger sized block (grey area in B compared to the
red shaded area of the original size), to secure the implant within the GT (C and D).
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Appendix E.  Automation of the current manufacturing process

A project by Alexander Witt (MSc student) conducted as an internship funded by the
Engineering and Physical Sciences Research Council (EPSRC).

E.1 First design concept

Figure E.1 shows the first overall concept with two key subsections: the fibre spool [1] and
the fibre guide, with its associated supports ([2] and [3]). The spool is free to rotate about its
own support and feeds the fibres through the guide. It logically follows that the fibres need to
be guided onto the print surface accurately and quickly, while also not placing them under
too much tension to prevent damage. To achieve this, a smooth walled guide was designed
which acted in a similar fashion to a guillotine. Figures E.1B and C show the entry and exit
points for the fibres, as well the system of servos that are designed to hold and cut the fibres
once they have been drawn across the printing surface. The intention for the spool guides was
to move the spool along its support without having to motorise that process, increasing the
simplicity and guaranteeing accuracy. In Figure E.1D the fibre guide is mounted to the print
bed, with an extra servo that was required to raise the lower arm off the level of the print bed
when the fibre carriage system returns to collect more fibres. The fibre carriage itself would
use a system of motorised springs and strings to move across the print bed (not shown), and a
pair of servos to actuate the gripping function and move it vertically.

A. (1

Edge to edge
distance = 36 cm

Servo actuated
rubber gripper

Fixed rubber
gripper
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D.
:“:;‘.:".’:“9‘ Fibre carriage, with
dhostion servos for closing

rubber arm and

moving vertically
Guide rails for fibre
carriage

Additional servo to
facilitate fibre
carriage system

Fibre guide mounted

to print bed
Pulleys (motorised)
to move carriage Implant PR
across print bed Location

Figure E.1 First design with a diagram illustrating the overall initial concept (A): [1] fibre spool, [2] fibre guide and [3]
motorised guide supports. An exploded frontal diagram of the fibre guide with labelled components in B and exploded rear
diagram with remaining components labelled in C. The fibre guide mounted to the printing bed is pictured in D.

E.2 Second design concept

This second concept was postulated as a method of fixing a roll of fibres and then rotating a
set of forks to collect the fibres, before laying them onto the print bed using a system of
bearings (Figure E.2).

Forks that rotate

/ to collect fibres

Fibre
location

Mechanical system
to place forks in
correct place

Print Bed

Figure E.2 Second design concept

E.3 Third design concept

Figure E.3 shows the overall extruder assembly in place on the 3D printer frame, with the
original FDM printer head visible for scale. There is a reliance on maintaining tension across
the print bed to ensure correct printing of the scaffold. Therefore, a system of laying down
double-sided tape around the perimeter of the print bed onto which the fibres can be pressed
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was chosen to achieve this. Figure E.3B shows a top down view of the extruder assembly into
which the fibres would be fed. There are a pair of rubber rollers, much like a treadmill, to
facilitate the fibres being drawn onto the print bed. The passive roller can be moved back and
forth to allow the fibres to be loaded at the beginning of each period of printing. The driven
roller is driven by the same motor used on the Prusa MK3S that the concept is designed
around. Figure E.3C shows the fibre nozzle through which the fibres are drawn. This has a
leaf spring which enables it to be pressed into the surface without damaging it. There is then
a servo operated cutting element which would be a heated tungsten wire, much like a
filament light bulb, to slice the fibres to length. Since this method of moving fibres across the
print bed is governed by the speed at which the print head can move, this would mean that the
top surface of the scaffold would no longer be tacky for every fibre. This means that heating
elements would be required to re-melt the top surface to enable fibre adhesion. There are four
of these to enable fibres to be laid in all directions, and can be moved up and down using
servos, so as not to interfere with the fibre laying process.

Identical
Mounting system
to Prusa MK3S

Motor to drive rollers

Extruder Casing

Heating Elements

Cutting element

Fibre Feed Direction
Fibre Nozzle

Passive Roller

Figure E.3 Third design concept with the extruder assembly in place with the standard head visible for scale (A), a top down
view of the extruder assembly (B) and a diagram of the fibre laying section (C).
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