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Abstract

According to the Outerbridge gradirgystem and the ICRS grading, osteochondral defects are
described as a cartilage lesion that reaches down the subchondral bone and can penetfaie across
Physiologically, a decrease in the cartilage proteoglycans and r@asecin degradative enzymes
lead to loss of motor abilities, pain and eweneralisation of joints.

Current preventive treatments include pharmacotherapies and cartilage enhancement procedures

while corrective approaches mostly consist of major intdéimes (transplantations and invasive

tissue engineering techniques). Materials proposed for tissue engineering (TE) and regenerative
medicine (RM) show impressive advances in both production technologies and resilience responses

after implantatiorf2],amel i orating the patientds mobility anc
still a huge gap between the number of academic proposals undergoing clinical trials and the product
release to the markg¢8]. Finally, clinical interventions usually include site morbidity, immune

rejection and tissue regeneration that does not exactly mimic the host environment.

Osteochondral (OC) defects and articular cartilage pathologies are part of the most common
musculoskeletal (MSK) conditions in the UK]. They are known due to their low rate of healing

and the concomitant pathologies around them. Almost 20 million people in the country have an MSK
condition; osteoarthritis (OA), avascular necrosis (AVNSteochondritis dissecan®CD) and
traumatic OC affets 3 out of 10 citizens over the age of 45. Surprisingly, OC affects mainly middle
aged higkperformance athletes and women. Every year, the NHS develops partial or total one or
two-sided replacements; around 102 000 hip, 109 000 knee replacementsQ@hdsgulder

replacementfb]. Frome these, over 90% of the patients are diagnosed with osteod@hritis

With main symptoms as a decrease in the cartilage proteoglycans and an increasegradhéwie
enzymes, various treatments have been offered for the last two decades: (i) cartilage enhancement
procedures & pharmacotherapies, (i) transplantations (AGCWosaicplasty), and (iii) TE
techniques / cellular therapies (MATIACI). Despite thai advantages in mobility restoration and
symptom elimination, site morbidity, low availability of cell and tissue supply, fibrocartilage

formation and allogeneic graft materials still limit their effectiveness.

The present workas as main objective to propose an alternative material or group of materials for
the creation of porous structures that, when implanted, could support the formation of novel

osteochondral tissue. For this;



Vi)

vii)

viii)

The first chapter explores the literature regagdhe anatomy of the knee and its connections
with OC defects. Additionally, an analysis of current treatments for OC defects is presented.
Materials and methods used through this work are mainly condensed in Chapter II.

Thethird chapterdiscusses polycaprolactormeethacrylat§ PCLMA) as a candidate for the
formation of porous structures through emulsion templafpayHIPES) with a special

focus on the chemical and mechanical characterisation of the material, as well as the study of
thdr microstructure through scan electron microscopy (SEM) microscopy and-micro
computed tomography (mici@T).

Thefourth chapter proposes poly(glycerol sebacate) methacrylate (PGSM) as a candidate for
the formation of polyHIPEs through emulsion templatimgth a special focus omhe
understanding andptimisation of the emulsification procesand the chemical and
mechanical characterisation of the material, as well as the study of their microstructure
through SEM, LightSheet microscopy and mico.

Thefifth chapter explores bleadf PCLMA and PGSMas biodegradable polymeasdas

HIPE material A multi-layered scaffold is also displayed. The mechanical characterisation
of the materials was explored through tensile and compressive tests, and the overall
morphology was imaged through LighSheet microscopy and fii¢to

The sixth chapter proposes a variety of techniques for the treatment of polyHIPESs to tune
their wettability, bioactivity and biodegradability, as well as their attractiveness to cellular
environments. The chapter also discusses the use of hydrogels as part of the internal phase of
emulsions, and as carriers of molecules as sugars and cells for TE applications.

The seventh chapter collects cell experiments developed using materials prevenusiyedti.

The cellular lines (hE®MPs, BACs, Y201, MLO5) were selected due to their proximity to

the tissues of interest (cartilage, osteochondral) and cell culture was done on 2D and 3D,
using both qualitative and quantitative assays to measure cell@tbatic activity,
extracellular matrix (ECM) production, and early differentiation.

Theeight chapter represents a final reflection on future work on both the biomaterial and TE
approaches. Additionally, it also explores the feasibility of polyHIPEshigr tcommercial

application as scaffolds for novel tissues, especially for the food industry.

It can be concluded that PCLMA and PGSM as individual or as a blend, are suitable polymers

for TE applications. Additionally, that stable polyHIPEs can be forfreed these materials, that

can be functionalised and treated to increase their attractiveness to cellular environments in the

macro and micro structural level and support metabolic activities that can lead to the production

of ECM and new tissues.
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Chapter I: Literature review on osteochondral units and

polymer emulsions

1.1. Background

1.1.1. The Knee
1.1.1.1.Physiology and anatomy of the knee

The knee is a large and complex joint. Formed by the patellofemoral and the tibiofemoral articulations,
it creates a hinge that supports general mobility and loading. Its stability is achieved through several
ligamentstendons, the synovial capsule, and complementary muscular comp@fefbe osseous
elements of the knee joint are the fibula, the femur, the tibia, and the patella. As defined by
Hirschmanret al (2015), anatomy follows functig@]. The arrangement of parts allows the knee to
extend, flex, rotatand glide. The meniscus, a setiicular fibrocartilage tissue, is located between

the femoral condyles and the tibial plateau for extra shock absorption. The anatomy of a normal knee

can be found below

S~
Ligamentum
patellae
F?rl\?o‘ml | Tibial —— Infrapatellar
sMCL N ~ Medial collateral fat pad
= ¥ - meniscus ligament
- Transverse
bot \ - Medial \ ligament
i / ! meniscus A~ Fibular
SM tendon | collateral
Cruciate G | ligament
ligaments {y/ | Popliteus
~ L tendon

o, \
Pes tendons Posterior Lateral
reflected fold meniscus
/T

Fig. 1. Left: superficial nedial region of the kneghowing the different componef#. Right: Transverse section of the
knee[10].

The knee joint is formed by the medial and lateral tibiofemorapaellofemoral, and the proximal
tibiofibular joint. Ligaments provide stability to the knee joint, through its 6 degrees of freedom:

including rotation (flexiorextension, internagxternal and varugalgus), translation (anterior
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posterior and medidateral) and internal (compressiaiistraction) movements]. The movement

of the knee is controlled by the ligaments and their coordinated functioning.

Themenisci are a dynamic reservoir located in the anatomical incongftiity femoral condyle and
the tibial plateau. The medial and lateral meniscus support the gliding, rolling and rotation of the knee,

and are connected to tendons and ligaments for dynamic movement, and signal commiBiication

The bones of the knee (femur, tibia, patella, and fibula) are interconnected by the ligaments into the
joints of the knee. The patella is a sdtat bone that protects the knee elements from trauma; it
moves when bending and extending the knee, glidiatyveen the femoral condyles and the
patellofemoral groove. The femur is the longest bone of the body and is characterised by the condyles,
round knobs at the end of the knee. The tibia runs in the opposite direction, terminating in the ankle,
and is madef two plateaus (flat surfaces). The menisci are attached to edlohnofand an extra
protuberance located in the anterior part, called the tibial tubercle, attaches to the patellar ligament.
The fibula is a long bone that runs thinly next totthi andcarries a small proportion of its weight

[11]. The surface of the osseous parts of the femur and the tibia are covered by articular cartilage
which bears the load and cushions through movement. The articular cartilagemnsaot with the

menisci and acts as extra fad).

1.1.2. Macro and microstructure of the osteochondral unit

The subchondral unit is composed by articular cartilage (type Il) surrounding the osteochondral bone.
This arrangement allows the joint to balance through compressive, tensile and shear stresses. The

osteochondral unit is formed by a top articular laygidemark, and the subchondtane(Fig. 2).

1.1.3. Articular cartilagg(AC)

The biomechanical composition of this layer is a representation of the atimisf the extracellular

matrix (ECM). This thin whitish layel3]is formed by collagen (20% wet weight) , proteoglycans
(5-10 % /especiallyaggrecan) and water (&5%). The water residing within the articular cartilage

is in free contact with the synovial fluid. Negatively charged aggrecan core proteins link to hyaluronic
acid, to form proteoglycan aggregate. Crosslinked type Il collagandstr traps the proteoglycan
aggregate, forming an organised network. The collagen network provides the tensile strength, whilst

the proteoglycan aggregates provide the compressive resiftdhc

The collagen fibres are arged in a pattern highlighted in Figure 1. The cellular density of the
articular cartilage varies from layer to layer, and only comprise% Df total cartilage volume, but

can be as low as 1,000,000 cells pet.crhe anatomicastructural levels also havan impact on the
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cell 6s morphol ogy; cells show a f1l at mor phol ogy
morphology in the central layers of the cartilage, closer to the subchondral bone. Additionally, near

the surface the collagen fibrils aligangentially to the top layer, and bend in an anisotropic way.

Fibrils in the other layers, respect a perpendicular arrangdfFigni). The lowcellular density and

the anisotropic cell morphology affects the ability to repair wounded tissue and heal by itself. Finally,

the graded mechanical properties vary throughout the cartilage, according to its structure and

composition15].

It has been found that the cartilage thickness varies from joint location and within the tissue. The
range of thickness goes from 0.4 to 3.5 mm, with the thinnest AC located in the ankle and the thickest
in the knees, followed by the h[f6]. It has also been shown that within the AC unit, thickness
increases directly proportional with the load needed to be ljbrihe

Theorientation andlignmentof the collagen fibreand cell compositiodepend on the deptlof the
chondral unif13]:

a. The superficial layer represents-20% of the total thickness and possesses collagen fibres
aligned along the surface of tlwartilage. Big flat and elongated cells, densely packed,
produce lubricin that promote lefkiction properties; there is a minimal concentration of
glycosaminoglycans (GAGS), apart from these proteoglycan superficial zone proteins (SZPs).
Chondrocytes infti s | ayer are cal |l e8], anmeregood fore n t cho
dissipating shear forces.

b. The intermediate zone has a major density of cells and collagen fibrils. It represéafé 40
of the chondral unit. Thick collagdibrils are linked to each other by thinner fibres, creating
an environment where roundish chondrocytes distribute and proliferate. The high
concentration of GAGs increases the hydrophilicity hence being more sensitive to
compression foree

c. Theradial zoa is formed by large fibrils and proteoglycan molecules. It accounts-{60%0
of the tissuebds thickness. El ongated chondr o
the subchondral bone, however this area has the lowest cell density. Due to itstyitoxi
the subchondral bone, various types of collagen can be found here apart from Il type, as
Collagen X and Collagen |

d. Between the radial deep zone of the articular cartilage and the subchondral bone, two thin
layers lie together, thiedemark and the calcified cartilage. The latter is the final basal layer,

being rich in apatite and alkaline phosphatase
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PHYSIOLOGY OF THE TISSUE ORIENTATION OF CARTILAGE FIBERS CELL POPULATING THE TISSUES
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Fig. 2. The 4 layers of the articular cartilage are represented herein. Histology cuts (left) show cells
within the ECM. The orientation and organisation of collagen and elastin fibrils can be observed in
the middle figure: the superficial zone is formed by fibrils aligned tangential to the surface; the middle
zone is saturated with highly entangled, radigned fibrils; the deep layer followed by a calcified
cartilage possess parallel oriented fibrils. A third diagram (right) displays cell density: a hypotrophic
high flatcell density in the superficial layer; low round cellular density on the middle layet;a:

aligned round cell density on the deep and calcified zBoarce: Author.

1.1.4. Tidemark

Set as the border between the deep zone of the hyaline tissue and the calcified cartilage, its role has
not been fully defined. The trilaminate microanatomy of thiget serves as the anchor to the
subchondral bone, and aids the force transmission in the joint, even supports the underlying bone
nutrition [19]. It is also believed to contribute to the release ofgrgiogenidfactors to the basal

layers of wounded cartilage (hypertrophic or cracked). It has shown to thicken when the AC layer
gets thinner in osteoarthritic (OA) patiefig®]. The calciumrich layer is able to bear compression

and laeral shear forces, providing a stable matrix for the calcified cartilage and a communication
channel (responsive) with the bg24].

1.1.5. Sulchondral bone

The subchondral bone lays distal to the calcified layer of the articutéliage, the subarticular
spongiosa. The definition of the subchondral bone is ambiguous, but it can be agreed that it comprises
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the area between the calcified zone of the articular cartilage, and the subchondral trabeci2a}.bone
The subchondral bone plate, or subchondral zone, is richly innervated and vascularised with a strong
interaction with the articular cartilage. The cortical tissue of the bone plate has shown to be saturated
with nerves and vesselscalised in channels in the areas of more s{&3jsAccordingly, the porous

trabecular bone supports the plateau and provides nutrients to upper layers, metabolically active.

The calcified cartilage extends to the bone nmarcavity in various thicknesses, where it is
remodelled and replaced by lamellar bone (bone sheets), similar in composition to the underlying
trabeculae bone. The porosity of this layer is oriented to the direction of the lamellar sheets, with
plates 0f0.2-0.4 mm and pores of G@L6 mm[22].

The trabeculae in the spongy bone are oriented differently depending on the bone location and
mechani cal stimuli. This respects Wol fdmmals hypot |
architecture and external conformation of the bone, to the direction and magnitude of the mechanical

load it sustains locallj24]. The anatomy of the subchondral unit is highly variable, the pores of the
subchondral bonplate are connected to the marrow cavity of the subarticular spongiosa and vary

from a round sack to a chandiéde structure depending on its location; and as mentioned before, tend

to accumulate on areas of greatest stress. This can be directly brkeldnser vascularization ¢15

25% more), and these channels are the ones used by the bone marrow in some surgical techniques.

The advantage of having such wedinnected channels, is that the nutrient supply can also reach the

cartilage layers easil25].

Bones are populated by three types of cells, osteoblasts, osteoclasts, and osteocytes. Osteoclasts,
which have a macrophage origin, are involved in bone remodelling, since they resorb bone matrix.
This is balanced byluripotent mesenchymal cells known as osteoblasts and osteocytes, which
mediate bone formation. The remodelling process responds to natural skeletal turnover mechanisms,
and to external stimuli. Finally, osteocytes allow the formation of an interconmettedrk with the

osseous area and are responsible for responding to the biomechanical and chemical signals in the

extracellular matrix, regulating cedell interactions with osteoblasts and osteoclggts3).
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Fig. 3. SEM micrographs of the bottom zones of the articular cartilage and the subchondral bone. cc:

calcified cartilage, sbpsubchondral bone plate, tm: tidemark, rz: radial z¢2e] .

1.2 Mechanism®f osteochondral repair

Depending on the skeletal location, mesodermal or ectodermal progenitor cells differentiate into
skeletogenianesenchymal cells. Among the most relevant molecules coordinating this process are
fibroblast growth factors (FGF), bone morphogenetic proteins (BMP), sonic hedgehog homolog
(SHH) and its related ligands. Their signalling regulates the condensation etogkeiic
mesenchymal progenitor cells which express transcription factors, determining the differentiation into
chondrogenic and osteogefi2?]. These proteins are additionally up or downregulated by the growth
factors (BMP, BGF and SHH) and ligands. Bones can be formed through endochondral or
intramembranous ossification. The first process is the most common; chondrocytes produce a
cartilaginous template that mineralises, whilst intramembranous ossification involves theipnoduc

of bone directly by osteoblasts (bone forming c¢28].

Osteaoblasts come from pluripotent mesenchymal cells which can differentiate into adipose, myocyte,
chondral and bone tissues. During the bone formation, osteoblasts produce collagen type I.
Additionally, they support the mineralisation process where plabsphrom the osteoblast matrix
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vesicles join molecules of calcium (ECM liquid), forming hydroxyapatite crystals (inorganic mineral
part of the bone). On the other hand, chondrocytes create a homogeneous complex network of proteins,
glycoproteins and coltgen type 1l (hyaline cartilage), where both the composition of the ECM and

the fibrils orientation/organisation define the physical and chemical properties of articular cartilage.

1.2.1. Osteochondral defects

Osteochondral defects (OCD) can either be diaggha$ter traumatic and ndraumatic aetiologies.

The most relevant ones are osteoarthritis (OA)astdochondritis dissecans

Depending on a wide variety of factors, as age, gender, lifestyle, and genetics, these aetiologies can
lead to joint degeneratn. OCD defects classification has allowed researchers to differentiate the
severity of the injury and therefore the treatments available. Cartilage damage has also been linked
directly to OC injuries and usually to secondary OA diagn@8ik It has been reported that injuries

to elements in the knee such as ligaments, menisci, joint capsule and the synovial fluid, are associated
with cartilage damagi30].

As previously mentioned, OA is mainly related to aged people whilst other OC defects and early OA
di agnosi sb6 rates k-pedgumance athleraand the genérahfentale populationsg h
Reasons for this are usedaanhtdmy and the disiriduteon of lbaml per he wor

surface arefB1], andhigh loads on articulations in contact and impact sports.

Normal cartilage is able of bearing H5times the load generated by walking. However, when
assembledh the osteochondral unit, the subchondral bone absorbs about 30% of the load and only
1-3% is distributed onto the articular cartild@2]. It has been reported that when a small injury in

the osteochondral unit occurs (less than 3 mm diameter and low grades in the Outerbridge
classification), an immediate recruitment of mesenchymal cells leads to the formation of an early
cartilagelike tisste next to the damaged chondral area. Later, the morphology of chondrocytes
changes from round to large and become hypertrof#@f Secretion of collagen type X and
angiogenic factors promote vascularisation of ECM, enrichiéd apoptotic chondrocytes that left

behind a useful matrix for the subsequent formation of the subchondrgl33pne
After high @5 MPa)and / or chronic impact loading, cartilage ECM has shown a loss in proteoglycans

(PGs) which can be caused by the inability of the tissue for synthesising it, or to a degradation of the

tissue itsel{30]; even with an intact subchondral bone.
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Osteochondral defects have a different mechanism of actibeaprogresand/or an injury happens

[34]:
A. During a trauma, haemorrhage follows immediately after the injury. Otherwise, the process
will happen slowly. Chondrocytes go catabolic in response to mechanical Bifegsmatory
molecules like cytokines and necrosis factors lead to the degradation of the ECM.
B. As acounterattack, anabolic chondrocytes seek for regeneration of the ECM through an over
production of collagen and proteoglycans; regulated by growth fagtetsding transforming
growth factor (TGFd) and platelet derived growth factor (PDGF).
C. After two weeks, chondrocytes have gone hypertrophic and round. They start to express
collagen type X and undergo apoptosis. This generates osteophytes (bone sputlsd an
destruction of the articular cartilage.
D. Dedifferentiated fibroblastitike chondrocytes produce collagen type I, 1l, and Ill. This is, a
fibrillar tissue.
E. Ossification of the remaining cartilage matrix (bottom layers) happens through endochondral

ossification.

However, the fibrillar / hyalindike healed cartilage and the remodelled subchondral bone unit rarely
perform as it used to.

1.2.2. Osteoarthritis

Osteoarthritis is a slow progressive, chronic, and degenerative disorder that affects both the articular

cartilage and the subchondrabne(Fig. 4).

Characterised by chronic pain, joint instability, and degenerative lesions on the components of the
joint, OA is the most relevant OC defect in the UK. This multifactorial pathology corroborates age,
gender, and trauma risk factors, but also include gepegdisposition, inflammation, metabolic and
hormone syndromes. OA commits both cartilage and bone mechanisms simultaneously; on one side
the formation of osteophytes and alterations to bone remodelling, and the changes in menisci and

synovium capsules rreces[20].

The evolution of osteoarthritis can be observed in the figure below, as can be broken down into the

following stageg14]:

A. On the cellular level, chondrocytes are altered from theirstieessed state where collagen

type Il and the sulphated proteoglycans share an anabolic environment. As the water increases,
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biomechanical forces, growth factors and the presence of cytokines switch chondrocytes to a
catabolic phenotype that also acta/édictors that complement the degeneration process. For
example, disintegrins, matrix metalloproteinases (MMPs) and thrombospondin f86}ifs

[36]. The cortical porosity increases as well as an acceleration on bone remodelling.

B. As the organisation of the extracellular matrix is altered, chondrocytes release free radicals
and the proteoglycan and collagen network breaks down. This is the momenawdss ef
cartilage can be perceived. On the subchondral bone, the thickness of the cortical phase
increases, but the bone mass decreases, as its architecture thinness.

C. Fissuring and disintegration of the cartilage layer is followed by the formatioteaipbstes
and bone cysts.

D. A late OA is characteristic of an extension of the calcified cartilage into the fragmented
articular cartilage, still populated by now apoptotic chondrocytes. The tidemark has thickened,
and the abnormal head bonduB on cyss.

Even though the involvement of both aspects can be visible in synergy, it has been shown that changes
in the subchondral bone can trigger and impact the development of OA. A study assessing
mineralisation of subchondral bone blocks found that ostedarthoth weightbearing and non
weightbearing, had a lower degree of mineralisation, than normal ones in young and aged bone
blocks[37]. Additionally, it was thought that possibly the loss of mechanical properties of tiee bon
could affect the stability provided to the articular cartilage; a subchondral bone was replaced with
cement (2.6 times stiffer than cancellous bone). However, the deformation of the articular layer was
uniform in both arthritic and cement joints. It water demonstrated that the OA subchondral bone
increases its mineral activity (remodelling) by increasing the thickness of the cortical bone, although
in an undemineralised tissu¢38]. Contrary, it doubles the area per vok of the subchondral
trabecular bone (low density), complemented by the appearance of osteoid. This shift to lower density
is mainly found on the surface of the subchondral bone, this is, the heads of the femur and tibial.
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1.3.0steochondral regeneration

1.3.1. Currentclinical treatments

In the early 19806s transplantation was seen
However, scientists and physicians recognised the complexity, and risk, of these procedures. Paul
Russel, in 1985, published a review on cell transplantatidrearphasised that if there was a way to
transplant only the essential cell components, it could be more advantageous for both the surgeon and
the patient. He called this, selective transplantd@®h It was thought one dahe promising areas

would be cartilage regeneration, due to the tissue consisting of a single cell type and being free of
nervature and blood vessels. However, soon it was discovered the challenge of replicating the
complex internal structure of the caatile, as well as the layers of contact with the subchondral bone
(the interlayer) and the ECM.

Initially, pharmacotherapies were proposed as a corrective measure to offer immediate improvement
of motor skills and pain symptoms. As they are a temporal solutiew proposals seek to inhibit
molecules such as MMPs, pyrophosphates (linked to osteoporosis), and neurovasculgBgtowth

However, challenges in adverse effects, molecule targeting, and durability still need to bseatidre

Clinical management of early OA patients includes a first phase edtiife modification and a
second surgical treatment. Despite their success in restoring joint mobility, increasing the articulation
function and delaying further degeneratjdg] [41], they still represent invasiviecision techniques

with no warranty on the immune response of the host body. Surgical treatments to address cartilage
and subchondral bone repair include arsbapic debridement, microfracturing, mosaicplasty, partial

or total replacements, and TE approaddés.

The main objective of the bone marrow stimulating (BMS) techniques is to condense mesenchymal
cells from the bone marroand activate the healing system through natural means. Both subchondral
drilling (Kirschner wire) and microfracturing are BMS techniques. Usually for smaller lesions (<
4cn?) microfracturing is used as it is less invasive. Bigger lesions and relatedtai@@eated with

drilling, so deep holes can ensure enough bleeding and cell $4Bply

Various studies have shown cancellous bone after 4 weeks and fibrocartilage covet afereks.
However, excessive bleeding in donor tunnels have raised problems as patients require debridement
to prevent septic complications, and even sometimes adetwmgical intervention. Additionally,

even though fibrocartilage tissue can work for kb@aring areas, it increases the risk of failurepost

intervention. Some early proposals included filling up the empty tunnels with biocompatible and
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biodegradable aterials as polyglyconat® [44]. For example, this procedure has been well received
in talus applications, partially linked to the anatomical design of the joints and the distribution of
forces whilst moving. Clinical reseamts have found that in osteoarthritic patients reported with
Grade 4 in the knee, only a grade8 2vas visible in the ankle joinfgl5]. Pain and functional
assessment scores were lower in mosaicplasty than in-fractare, ad recovery was faster. These

results were improved, when adding supplements as platgigilasmg46, 47]

Autologous Osteochondral Transplantation (OAT) or mosaicplasty, is a technique that allows
implanting autabgous hyaline cartilagbone plugs for OCD. OAT is used in cases where
debridement or BMS is not responsive (bigger than 150amd with cystic components, and areas

of vascular insufficiency, especially in the tald8]. However, as with many of the autologous
techniques, frequent infections and comorbidities have sometimes even led to avascular necrosis.

Additionally, there is little evidence of chondral integratjé€].

Tissue engineering proposals use of a variety of natural and synthetic materials in combination with
different sources of cells to restore the balance in the host tissue. Early autologous chondrocyte
implantation (ACI) set the first seeds cell transplantation techniques, whilst encountering problems
with defect size and donor site morbidiy0]. Later improvements resulted in matrix guided
autologous chondrocyte implantation (MACI) and-ggle ACI (GACI), the thirdgeneration
implants. Both MACI and GACI keep the advantages of ACI procedures, simplifying the surgical
technique. Better rdifferentiation of seeded chondrocytes has been shown after 5 years post
treatment[51] with a low failure rate (B%). A clinical study was developed comparing
microfracture (MFX) and MACI treatments, 28 months after the intervention. There was no
significant difference between appearance of subchondral oedema, cysts, and granidagon tis
despite their presence in most cases. Cartilage repair was slightly better in MACI patients, with the
big advantage of differentiated chondrocytes to form more hykkiedissues. Additionally, MACI

is considered a better option on large size defeqi to 10crf) [52]. Regardless of the good news,
rigorous selectivity of patients (young ages, limited injury location & state of gravity), the condition

of their osseous joint bed, and painful psstgical symptoms, limits implementatiof53].

GACI is a fibrin gelatinous scaffold with implanted chondrocytes. The gel solidifies in contact with
the body, adapting to the volume and form of the defect. It has been reported to formtkgaline
catilage[54], even though existing doubts between fibrin glue and transplanted chondrocytes. Whilst
improving the postoperative scores for mobility and pain-a&n2 5years post implantatiofb5].

Only few peer reviewed papers have been published and they mention a delayed cartilage repair, and

almost 40% of the patients have required a second intervention due [6gjain
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Additionally, the nature of the procedure makes it difficult for further histology tracking systems to
be implemented and regeneration to be quantified. For example, the new tissue engineering
procedures, due to their novelty, are implemented in surgeries as fregbeedures, which can be
linked to replication error. Koulalist al,compared knees of cadaveric bodies where either freehand

or optoelectronically navigated procedures for osteochondral transplantation have been performed,
and found improved accuracyn ahe navigated onefp7]. However, as exemplified here, the
limitation of imaging systems and the ability of taking samples from the treated patients, limit the

depth of study posturgery.

Small osteochondral defects haverb&eated in research using mono and gaigsic scaffolds, with
promising result$58, 59] Trying to mimic the host body, these structures are composed of either a
single layer that resembles the cartilagecture and invites blood vessels/nerves to grow in the basal
layer (as subchondral bone), or midtyered scaffolds. However, only a few novel ¢ede products

have renewed approval for clinical implementation, MaioR&gefruFitN Plug, and AgikCN.
Independent from the preliminary results, folloyy data is yet not significant and show failures and
complications after years of implantatifg0] [61] [62] [63, 64]

A clinical trial developed by the University of Helsinki compaBSIA techniques versus cailA
MaioRegen® scaffold, tracking for 2 years, imaging (MRDCART), pain (VAS index), KOOS

(Knee Injury and OsteoarthstiScore), IKDC (Knee Examination form) and Tegner scores. The
results showed that BMS are more optimal treatments for cartlalgdesions, and ceHA, suited

for OCD [43]. Nonetheless, they did not firgignificant differences in any of the aforementioned
values. It was also identified that the cartilage tissue formed during the healing process was fibrous,
congruent with other research groups. Squodlitative subchondral measures found a slow bone

healing, but enhanced osteoconducti6h, 66]

TruFitN plugs arethree dimensional matricesiade of polylactideco-glycolide copolymers,
incorporated in two porous layers, supplemented by calcium sulphate (in the tnanpaa
surfactant (in the cartilage layer). They have not been as successful as their neighbours. With a slower
and sometimes unusual incorporation rate (up to 24 months) [66], and a small clinical improvement
on IKDC scores, they have a failure rafeabmost 20% [67, 68]. Additionally, there is no evidence

of osteoconductive bone ingrowji].

In both commercial scaffolds, cysts, granulation tissue and oedema have been observed. Even if this
has not been reported as affeg the overall outcome of the treatment, its presence has been noticed

in most of the referenced studies.
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The latest product launch was developed in Israel and consists of an arhgeadgyorous scaffold.
Agili-CNar agoni t e dosmedHy calciom carboaateiinshe stiffer part, and hyaluronic acid
in the superficial cartilage phase. Even though it has showtlipieal advantages to recruit cells on
both layers, only one report in literature exists for {soggery examination (18onths), and only

mentions promising restoration of the articular |g%&].

Imaging of progression and improvement of cartilage treatments has not been fully developed.
Current techniques are evaluated through magneticaaserimaging (MRI), using an evaluation
system called MOCART (Magnetic Resonance Observation of Cartilage Repair Tissue), and are
effective for chondral tissues. Some research groups have modified the techniques to apply on
osteochondral trials, yet witlosie sensitivity limitation§69]. Expensive alternatives include single
photo emission computerised tomography/computerised tomography (SPECT/CT).

It is important to notice that no effective therapy has shown to prevent osedhe progression of
OA.

1.4. Biomaterials for osteochondral regeneration

For the last decades, there has been an increase in the surgical interventions on OCD. As described
above, some of them have found the way of keeping low to no immunity reactiolss,pudwiding

a frame for host cells to populate; unluckily they have only shown encouragingeshoresults. On

the contrary, early tissue engineering technigues involving bioactive and biocompatible materials
have not yet fulfilled the biological amdechanical requirements to ensure-tissue formation. One

of the most important elements for a successful tissue regeneration technique is the choice of material.

Herein, some of the most promising biomaterials for osteochondral regeneration are éatroduc

1.4.1. Hydrogels

Hydrogels in their wet state allow the exchange of water, glucose, and oxygen molecules, which
diffuse depending on the gelation techniques and the solution concentration. A variety of hydrogels

from natural and synthetic sources have lreposed for clinical and research applicatigis 71]
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1.4.1.1.Alginate
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Fig. 5. Alginate is formed by mannuronic and guluronic acid arranged in homopolymer blocks
(MM, GG) alternated witliegions with MG blocks (at different ratior{32].

Alginate is a natural polysaccharide obtained from brown seaweed, although some novel research
proposed bacteria as an alternative soUi®j. Its linear formation alternates guluronic and
mannuronic acid in different ratios, affecting the physicochemical and rheological proffeédi&s.

Alginates possess low toxicity, medium degradability, and a chemical versatility, useful for drug /
molecule delivery and cell transportatigd]. By being craslinked through ionic or covalent means,

it can form stable gels in agueous media and undergo chemical functionalisation, the reason why it is
used as wound dressings, for molecule diffusion and as secondary materials (due to poor mechanical
properties]75, 76]

Alginate has an advantage for bone and cartilage regeneration, as it can be introduced to the body in
a low invasive way (injected), with versatility of shapes and chemical properties (crosslinking,
swelling and degradability). The treatment of bone injuries has been enriched using alginates to
primarily deliver growth and osteoinductive fact¢vy, 78, 79]or to support bone regeneration
processef30] [81].

Similarly, alginate has proved useful to transport chondrocyte and stem cells to restore damaged or
degraded chondral tissue. The manufacturing of constructs mimicking host collagen has been
developed to the point of minimal surgery intervention, wheyehilised or dehydrated version of
the alginate is injected, following furthén situ hydration and gelation. Results from long
experiments (30 week) with chondrocytes suspended in a sodium alginate / calcium sulphate solution

showed high levels of praiglycans and collagen formatipr6]. Additionally, encapsulation of stem
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cells seems to regulate chondral cell differentiation (alginate promotes round cell morph{#@gies)
Finally, some expements using alginate as molayer of biphasic scaffolds to treat osteochondral

defects; showed viability and differentiation after 3 we&&j.

1.4.1.2.Gelatin
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Fig. 6. Typical gelatin structureformed by glycine, proline andiydroxyproline residuesAla-
Gly-Pro-Arg-Gly-Glu-4Hyp-Gly-Pro-.

Gelatin is a natural hydro soluble biopolymer, irreversibly denatured from collagen. The source of
gelatin has mainly been from animal raw materials, pomitebovine being the most common ones,

but including fish skins and bongl]. Their origin defines its specific amino acid composition hence
their material properties, as the amino acid components differ, specially forealproline, arginine

and serine. The typical structure of gelatin can be foulkdgir. At room temperature, rigidhains

of gelatin exhibit theproperties of some common polymeric substances. However, at elevated
temperatures and aqueous solutions, gelatin shows a statistical coil conformation, this is, a random

di stribution of monomer s ub un[85} & showniimegn’t ed i n a

Gelatin is mostly used as an IPN (interpenetrating polymer network). However, it can also promote
the formation of semiPN hydrogels, when mixed with other hydrogels and/or polymeric solutions.
Fig. 8 illustrates the two types of networks, using alginate as the/doogel. As an IPN, gelatin is
formed by at least two networks partially interlaced, separated only by breaking its chemical bonds.
Conversgy, semilPNs gelatin polymers blend together in aowalent interaction and can be split
without breaking their chemical bonds. As a result of the thermal treatment and denaturalisation
process, gelatin has a low intrinsic viscosity (gels belo¥€3and highwater volume (865%)[86],

an advantagtor cell encapsulatiotechniques

Gelatin crosslinking can be done through physical and chemical means. Physical crosslinking
includes dehydrothermal (DHT), plasma artlaviolet (UV) treatments (for surface modification);

chemical crosslinking makes use of agents like carbodiimide chlorides and aldg@®jdes
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Fig. 7. Gelatin structure derives from the extracellufaatrix (collagen) of bone and skin tissues. Their
statistical distribution can be observed at high temperatures (coils) and rigid chains at low temperatures
[88].

Nonetheless, gelatin crosslinking and gelatoocesses still pose a few challenges. On one hand,
these procedures are promising for tissue engineering applications; it has been found that at high

levels of crosslinking, the degradation and swelling ratios decrease.

On the other hand, physical croaking produces unstable materials whilst chemical crosslinking
protocols are complicated and expensive. Innovative proposals like sugar crosqld®irzond
methacrylated gelatitGeFMA) [89, 90] offer interesting alternativesTaking advantage of the
thermal stability that UV light confers to collagen systems, gelatin has been crosslinked with glucose,
obtaining pore sizes suitable for tissue enginedftg92] Similarly, GetMA hydrogels have been
enriched with heparin to enhance the mechanical properties of the hydrogel, with the cellular
bioactivity of heparin. They found it to enhance cell viability and charydleomorphology93].
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Fig. 8. IPN and semi IPN networks with pure gelatin and gelatin/alginate blg#]s

Additionally, photo and thermaesponsive hydrogels have been developed, increasing their
versatility by being controlled by external stimuli. Photocrosslinkable hydrogels have been tested for
curing whilst containing cells, showing an even distribution of cells and viability aftays]@#].
Similarly, Kim et al have developed a hydrogaehsed perspiration membrane that deforms as a

response to thermal changes in the §8&j.

Early applications of gelatin in bone TE were either as a guide for bone regeneration (remodelling),
or totransport molecules in nenvasive treatmen{®6, 97] Mixed polymeric (synthetic & natural)
scaffolds between PCGe have shown osteogenic advantages for both autologous and mesenchymal
stem cell498]. However, novel experiments offer both scaffold and controlled release methods for
both bone and cartilage applicatig@9, 100] On the cartilage field, PLLASe matrices have shown

good proliferation andlifferentiation results using stem cells, with production of hydike
collagen[97, 101]

1.4.2. Polymes

Polymers, metals, glasses, colloids, and composites have been proposed to work as a temporal or
definite structure, to either support, guide, and transport cells, biomolecules, or drugs. Polymers are
considered suitable materials due to their organic nature. They can be tailored in their conformational
properties (monomeric / polymeric, porosity, interconwég), chemical properties (thermo
plasticity, degradation rate), surface features (hydrophobicity, polarity) and internal mechanical
properties (rheology, Young Modulus (YS), Ultimate Tensile Strength (UTS) and elagtiGigy})

Their application has been both in basic research and therag&08ts

Polymers have shown positive attachment, proliferation, and migration results in a variety of cell

lines, enhancing the production of new tissue medr[104, 105] For applications in tissue
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engineering and regenerative medicine, porous materials have been selected since the void/pore
relation and degrees of interconnectivity simulate pockets where cells caroldgrate and produce

ECM [106, 107] Two polymeric materials with promising applications in osteochondral tissue
engineering are introduced herein, including their manufacturing techniques and suitable

characterists for TE applications.

1.4.2.1.Polycaprolactone

n

Fig. 9. ecaprolactonemoleculg(left) and polyecaprolactone chainright).

Polycaprolactone (PCL) is one of the most common polyesters used for the syntpelsisrethane

(PU). It is hydrophobic and seraiystalline, and it has been extensively used due to its low melting
point (plus good solubility), and blend compatibility. It can be synthesised through a ring opening
reaction (ROP) using initiators (ionicha catalysts (metal alkoxides and metal carboxyld#H)

Pure polycaprolactone exists as polycaprolactone polyols, polycaprolactone diol and
polycaprolactone triol. Their main variation is their functionality (1, 2 and 3)anhich confer them
different molecular weights and properties as melting points, glass transition temperatures,
degradation rates, miscibility, and compatibi[it¥8]. The recent synthesis of aadm PCL has also

shown an inrease yield of functionalisation protocols, as methacryl§tio8, 110]

PCL is soluble in diverse solvents at room temperature, such as benzene, carbon tetrachloride,
cyclohexanone, dichloromethane (DCM)methyl carbonate (DMC), dioxanesn®ropropane, and
tetrahydrofuran (THF); and only partially soluble in acetone, ethyl acetatgadone. It is a highly
hydrophobic substance, and immiscible with alcohols and €thEt$ DCM has been used for the
synthesis of polyesters as it is a cost effective solvent that can be easily handled during the polymer

synthesis, andasily extracted during the purification.

PCL usually degrades within 2 years, which is considered a slowdggpn process, compared to
other synthetic materials like lactic acids (LA) and glycolide (GA); copolymers with these materials

have been created to overcome this drawfbtk]. Additionally, its degradation can be manigeth

43



through PCLO&s mol ecul ar weight and the chain
the polymer molecular weight or the immersion of external particles, as well as hydrolytic, aminolytic
and surface treatments can enhance or triggerrislatiecay[112]. Non-enzymatic random chain
scission is the main cause of degradation of PCL, although internag(emgs, free radicals, and
reaction residues) and external (enzymatic environment) variables pkguatly important role
[113].

Remaining challenges of the material are being explored, like their hydrophobic nature and low level
of interaction with biological fluid§l14]. The use of polycaprotdone constructs for cell culture was

first reported in 1993 although the mechanical properties were too low to sustain a 3D structure,

which collapsed impeding the growth of a cell lifel5]. PCL has been used by itself or
copolymerised for regenerative medicine applicatifris]; promising results have been found on
fully biodegradable and biocompatible grafts on bone, pelvic, cardiac and corneal applications,
among other§l17, 118]

1.4.2.2.Poly(glycerol sebacate)
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Fig. 10. Poly(glycerol)sebacate synthesis is obtained by a condensation reaction between glycerol and
sebacic acid119].

Synthesised through aguimolar condensation reaction between glycerol and sebacic acid, PGS has
been used for almost two decades in soft tissue engineering. It is a soft, still robust and flexible
elastomer that degrades through controlled hydrolysis, whilst maintainingireeita mechanical
properties better than poly(lactic acid) (PLLA), PCL and pelyg@roxybutyrate]120]. It has found

its way in myocardial, nerve and blood vessel reconstru§tidty], with only recent approaches to

bone and cartilage applicatiofi2, 123]

PGS is highly hydrophobic and poorly bioactive. Additionally, it has reported to release aeidic by
products when degrading, which could make ibtytic [124]. In this matter, research groups have
tried to encapsulate these reactive groups with nanoparticles as Bibgladssilica for bone
regeneration applicatiorj{$24] (whilst improving P& biocompability); nonetheless, inclusion of
particles in the structure might affect the uniformity of the structure and result in a heterogeneous
stability.
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PGS has been used as a blend and a composite. Hydrogels likedPas8 hybrids were proposed

by Kharazihaetalt o amel i or at e [1BGSnilarly, bicactieeqytasPGS$ mayrices

have been used for bone applicatifil26], with anin vivo degradation of 6 weeks. PLERGS in

different ratios have stopped PGS from collapsing or flowing to undesired areas throughl@jing

Congruently, PGS/PCL electrospubrés manufactured for corneal applications were mixed with

the objective of summing up both material s6 mech
provides extra support (stiffness), it decreased the elastic properties of th&2@HixPGS/PCL

electrospun scaffolds have also been studied for cardiac tissue engineering, with mechanical
properties close to the native tissue and best cell viability, compared to independent material

experiment$118].

From all academic papers retrieved, PGS scaffolds and blends have used PGS as a bulk material or
structured via electrospinnif28, 129] 3D printing[130]) or saltleaching[131, 132] but not as a

porous structure or as a result of an emulsion (e.g. HREg)arding cartilage regeneration, few have

been explored. The same research group first explored the compatibility of BG@avidrocytes,

and then confirmed the preference of these cells to produce aggrecan and collagen 2 : collagen 1 ratio
on PGS scaffolds, compared to PCL o33, 134] However, similar experiments have also shown

contradictory cell phenotypes, gene expression linked to cartilage destruction, and ossffiG&fion

1.4.2.3.Material characterisation
1.4.2.3.1. StructureEmulsions

With the objective of mimicking the microenvironment of huntiseues, biomateriddased porous
constructs have been proposed. The porosity of these constructs can be found in either 2D or 3D and
can be supported by both structural and topographical features. Desired porous structures can be
obtained through porogédeaching, thermodynamic processes (gas foaming, phase separation, freeze
drying), microsphere sintering and emulsiqa86]. However, some of the techniques release
residues that can be cytotoxic or affect the material behawiar time; the options for biomaterials

are limited.

Emulsions and dispersions are rgpontaneous fine droplet dispersion of one liquid into another,
immiscible or partially miscible between each other. It is formed by a dispersed phase (droplets)
susgended in a continuous phase (liquid). Due to this distribution, emulsions/dispersions have large
surface areas and high surface energy, which make them unstable to heat and energy changes.

Emulsions are a two phase (liquid/liquid or semiliquid/semiliqaydtem that form droplets of few
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microns due to the addition of energy, contrary to dispersions which droplets are in the range of
dozens to hundreds of microns. Dispersions will split into two separate layers as soon as the energy
ceases. Emulsions, ohet other hand, are able to maintain their structure for long enough (even
months) to be processed; surfactants (emulsifiers) aid to keep this sfdi@ilify Surfactants are
molecules or polymers that possess one hydrophiticame lipophilic head. Seeking to fulfil both
attractions, they stay in the interface between the water and the oil phase (in a process called
adsorption), stabilising the emulsion. Surfactants are classified according to their hydrophilic
lipophilic balance (HLB) as it is directly related to their performance in the emulsion. The range of
values goes from 0 to 40, being the ones within the range26ftBe most relevant for chemical
industry, and the ones betweeit @he focus of polymer material sciescé\ lower value of HLB
describes a lipophilic surfactant (likely to form O/W emulsions), whilst values above 11 HLB
describe highly hydrophilic surfactanf38]. Common surfactants include silicas and mineral
derived moleculg, lattices, detergents (soaps), proteins and block copolyi3&is

Emulsions can be classified depending on their morphology @ivatelr (W/O), oil-in-water (O/W),
waterin-oil-in-water (W/O/W), andoil-in-waterin-oil (O/W/O)); their degree (first and second
degree), and their state of matter (liquid/liquid, senlid and solid). Emulsions can also be
characterised according to their volumetric composition (drop size and drop distribution), rheology
(Newtonian and nofNewtonian fluids), and stability against forces (that affect flocculation and
coalescence, and determine size, shape, porosity and strength of openings). Reactions in emulsions

happen in microseconds, hence the importance of keepirg tight ana&etnhanceeproducibility.

Emulsions are formed when a fluid (oil or water) is added to a stirring continuous phase (external
pha®); the phases are miscible to each other. In the case of a W/O emulsion, an oil phase is usually
being stirred wih a surfactant, a catalyst and some additional solvents, and the future internal phase
(water in this case) is dropwise added to the mix. Plasaleigh instability describes the
mechanism by which the falling liquid breaks into smaller droplets wétkdame volume, but a higher
surface area (more, smaller droplets). This breaking effect is linked to the surface tension dominating
the stirring continuous phase, and that pushes the incoming aqueous phase to minimise its surface
area[142].

Therefore, e size of thenew droplets will be consequence of the energy requibégl;droplets

require less energy and these emulsions can easily be created usingekiistirre[140]. This

can be explaied through considering the difference in pressure between the inside and outside
environment of the dr opl eDp.Drogetszesrisialselidkedoteythel a p |l a ¢ ¢

interaction between droplet break and coalescence. Coalescenceelisubsion and dispersion
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phenomenon in which the two miscible phases involved (oil and water) reject each other and form
partial or totally separated phases, the phase with less density will also be pushed to the top of the
containeff144]. Coalescence isaused byhe excessive closeness of droplets and the consequential
thinning of the film dividing them (hence the lower concentration of surfactant / stabiliser molecules
around to support the repulsion between layers). Whelayke breaks, the two droplets merge into

one, adopting a sphericlike morphology as it distributes better internal/external pressures

(Lapl ace@i5l.pressur e)

Viscosity is the visible property of rheology. As such,enstainding the variables that affect viscosity,

will increase the control over the emulsion. These factors include internal phase, viscosity of external
phase, size of droplet and forces acting on the fluid (shear force, temperature, pressure). The interna
phase Viscosity increases with decreasing particle size. Viscous (frictional) forces that create droplets
create a shear stress between the droplets and the continuous phase. This force is affected by the
viscosity of the oil phase (external phase);htyher the viscosity the longer it will take to deform a
droplet (hence create other / smaller ones). Whilst the viscosity of the internal phase has little effect
on this, the gap between both viscosities is the one that will affect the emulsificadiddrogilet
deformation time). Additionally, the viscosity of both phases can be affected by the stirring rate. The
efficiency of emulsion extraction increases as the mixing speed does, decreasing the size of droplets
(higher mass transfer area). Additiimaa high stirring rate can also make droplets unstable

(increased shear stress), leaking the internal phase, thus affecting resulting topologies.

Finally, the volume ratio of the emulsion will increase as the emulsion is formed, with a slower rate
asit approaches the point where there is not enough solvent nor oil phase to support the creation of

bigger or more drople{d41].

What forms interconnectivity? When droplets with a defined radius R get closer to each acther, ea
being surrounded by a layer of adsorbed surfactant, their walls interact, either overlapping with each
other and/or compressing the droplet (making it change its form). This phenomenon does not come
naturally, and a counter force repels this interactthrough an osmotic repulsidt40]. As the

internal phase volume ratio gets closer to its maximum, the wall / film (oil phase) thickness decreases,
as well as the surfactant concentration, promoting the formatiomt@fconnected windows,
stabilised through further polymerisation. It has been observed that the appearance of first windows
coincides with the gelation point present through polymeris§tié8]. There is no bulk shrinkage

on emdsions, but an internal shrinkage between emulsion droplets due to the described proximity

and wall thickness.
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1.4.2.3.1.1 PolyHIPEs and Rkering HIPES

High Internal Phase Emulsions (HIPEs) are emulsions with highly packed fractions of non
deformable droplets. HIPEdlow the polymerisation of viscous foams that retain their shape and that
possess an internal volume fraction higher thd¥ 7143]. PolyHIPEs were first reported by D.

Barby and Z. Hagn a patent owned by Unilever in 198244]. A polyHIPE is obtained by
crosslinking a polymeric solution A (usually dissolved and with terminal OH groups) which
represents the continuous phase, and a liquid solution B (cosnhaitochloric acid (HCI) or water),

in the presence of a surfactant (emulsifier) and an optional crosslinker. Crosslinkers and initiators
activate the crosslinking process, enhancing gelation processes and the structural stability of the final
product. D increase their efficiency, they should be close to their water affinity (hydrophobic to the
liquid phase for both W/O and OM)45].

The composition and concentration of each material plays an important role in theysaaduilit
structure of the resulting HIPE. The structure of the HIPE will replicate the emulsion at the gel point
thus is highly dependent on the stability and homogeneity of the emulsion, therefore a stable polymer
eases the gelation process. For examplatthaction and exclusion (polarity) of both the continuous

and the liquid phase plays an important role and is supported by solvents (in the continuous phase
observed inFig. 11), and by emulsifiers. As mentioned before, emulsifiers have a dual role in
lowering the surface tension energy, and migrating to thevatiér interface, reducing the work
required for droplet formation. The ideal concentraidran emulsifier depends on the inherent
features of the surfactant, and the interaction with the rest of components. Emulsifiers have been
created using as little as 5% wi/w (relative to monomer phase) but are usually added up to 40%wi/t

[146], hence making the external immediate environment of droplets more watetike §il38].

Incorporation of the liquid phase can be done either at the beginning of the mixing process, or slowly
through theemulsification process, enhancing viscosity gradients. Depending on the desired pore
features, the liquid phase volume is selected, however some polyHIPEs are able to incorporate an
internal water phase of 99% wt. Subsequent to the polymerisation ofrtfireucms phase, the liquid

phase can leave the structure through the pores created. Big spherical cavities are left, and are referred

to as voids, whilst the small interconnected pores are called wirjdd@js
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Fig. 11. Polycaprolactone PolyHIPEs prepared with different solvent rado$SEM images of C/T:60/40,
C/T:80/20 and C/T:100/0; polymerized A. Right after preparation of HIPE, B. 5 days after preparation (scale
bars: [@M@@P & m)

Pickering emulsions are emulsions that use solid particles to achieve a long static, and in most recent
cases, dynamic stability. These emulsions are characterised by the lack of coalescence over time, even
if going through temperature changes. This isitatted to the fact thaPickeringemulsions are
irreversible; the solid particles act as a physical barrier between the oil and the continuous phase.
Some of the most common solid particles used, called colloidal stabilisers, are inorganic nanoparticles
(silica/silanes[147], FeOs [148] and calcium basednaterials [149]), ester based polymers
(polyurethane§l150]) andbio-inspired materialghydroxyapatitg151]).

As the stabilisation of Pickering emulsions depend on the maintenance of the aforementioned
particles between the two liquids, it is extremely important to enhance the migratimsefsolids
to the interfac§152]. This ability can be measure by a thease contact angig that describes the
location of the particle in the eilater (or vice versa) interface; the closeq te 9C° the highest the

stability, going slightly higher or slightly lower depending on the type of emulsion seeking to obtain
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(O/W or W/O)[153]. For example, silica nanoparticles can be extremely hydrophobic and even if
supporting the oilnterface, are unable to successfully stabilise O/W emulsions. Therefore, these
particles were functionalised using glyr®Glycidyloxypropyl)trimethoxysilane), which helped to
improve the amphiphilic character, whilst also preventing the agglomeration of the nanoparticles
[147]. These modifications not only show an increased stability versositfigal emulsion but allow

emulsions to increase their internal phase volume above 90%.

Fig. 12. Silicamodified Pickering emulsiorfanctionalised througiMPtMS(3-
(methacryloxy)propyltrimethoxysilana¥ at two different ration 52].

Although Pickering HIPEs are easily recognized due to their polyhedral pore strE@ui@ shows

both semi round and hexagonal forms, with varying sizes. This can be caused by the concentration of
the particles in the solution, and by temperature. The effect of heating the HIPE produces a
simultaneous polymerisation and destabilisation. An emulsion with small droplets will achieve
gelation faster and stabilise less, thus keeping a polyhedral frame. On the contrary, big round pores
will be observed on highly destabilised systems. Even thaughost cases the droplets have an
homogeneous size, bi and multi sized droplets can be observed when small droplets are not covered
by the stabilising particles and either coalesce with others or stain in the interstitial space between
two big droples [153]. By increasing the concentration of stabilisers, the viscosity of the external
phase increases, decreasing the pore size, but also the risk of coalescence. This is the same effect that
has an increased concentration ondbetinuous phase. Contrary, by increasing the internal phase

volume, bigger droplets could be obser{&s4].

One of the drawbacks of the-stable Pickering emulsions is their applicability to biomedical research.
Some ofthe colloidal stabilisers used could show cytotoxic or counteracting effects when in contact

with cell lines and body tissues
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1.4.2.3.2. Crosslinking:functionalisation angphotocurable polyHIPEs

Emulsion polymerisation allows the production of low and high madeaméight polymers through
controlled reaction rates, which are usually higher than bulk polymerisation. Polymerisation can be
performed in batches, semi continuous and continuous reactions. As explained by Harkins in 1946,

in a conventional emulsion polgrization 4 actors interaft55]:

)] A water phase containing the catalyst / chain initiator is believed to promote the creation
of free radicals. Depending on the origin of the initiator (preferring O/W or W/O
interfaces), themplet morphology can be affected (polyhedral or spheiit&b].

ii) Suspended in this water phase, monomer droplets supply other polymerisation phases
with monomer.

iii) Dissolved monomer micelles (also called monoswollen micells ) Afgener at eod
polymer particles until fully absorbed on the polymeter interface.

iv) After the initiation of polymerisation, small polymer particles swollen with monomer

play a role of #Alocio of polymerisation.

According to this, the rate g@olymerization is determined by the rate of formation of free radicals,

the rate of escape of those radicals to the Al oc
in the locus. Even though the size of the polymer particles does not detdgrenrodymerization rate,

their total volume doefl57]. If the rate of formation of free radicals is low, the water phase will

dictate the time of the reaction, affecting thus the next steps, therefore the polymerizationarate.

second case where the number of free radicals per reaction locus is around one half, high rates of
polymerization and high molecular weights can be obtained as it simplifies the chain propagation. A

third case can also be considered; when the nuailfiexe radicals per reaction locus is much higher

than a half, the rate is regulated by the oil ptia58].

Most polyHIPEs use conventional free radical polymerisation (FRP), although some novel emulsions
have beembtained through inverse emulsion polymerisations; which describe the emulsification of
a watermiscible monomer (in presence of an aqueous solution) in an oil medium with a W/O or O/W

initiator. The product is a colloidal emulsion of wasgrollen polymeparticles[159].

The crosslinking density is based on a hypothetical primary polymer molecule created during
polymerisation and describes the number of crosslinked units within the total number of units bound
in the polymeriachain[160]. Crosslinking density might be weak at the beginning of the process but

will get stronger as the number of available monomeric units increases.

51



To enhance both the polymerisation rate and the crosslinking densifyglpneer solutions can be
developed th o u g h adding Areactive handl es o or funct

functionality[109]. Amines[161], phenylg162] and polyol§109] have been used for this purpose.

Methacrylation is one of the most used ways of polymer functionalisation as it allows to couple more
points of functionalisation on already interesting polymers, under free radical condit&s]s
Methacrylic anhydride is a carboxylic anhydride famous to polymerise througtafieal initiation.
Polyacrylic anhydrides are always unsaturgtegi], responsible for further gelationgehce an
opportunity of being used for crosslinking optimisatjbf5].

One of the applications of acrylic functionalisation, is photo crosslinking due to therdastinking
rates of acrylates and methacryldts#6]. The degree of methacrylation of the original polymer will
control the number of chemical bonds #fAto form

degradation properties of the matefis7].

A photoreaction is induced when a multifunctional monomer (a molecular structure with various
applications), meets a telechelic polymer (a polymer capable of polymerisation via its end groups)
[168]. Under its simplest version, this monomer is transformed into a crosslinked polymer through a
chain reaction induced by free radicals or ions. The source of these ions can have various sources of
irradiation, including UV light. Under this intenglimination, high rates of polymerisation can be
obtained in low time frames, as small chain reactions last only a fraction of seconds, but behaving
similarly as thermal polymerisation. Photocurable alternatives are suitable for emulsions and

specifically for HIPEs as they are highly unstable.

A photoinitiator with large absorption in the emission range (of the light source) will give high yields
of polymerisation. The rate of curing and the viscosity of the prepolymer define the product fidelity
(non-Newtonian fluids tend to shrink during or after the procg$6p, 143] When polymers as
caprolactone and glycerskbacate are methacrylated, photocuring occurs through -gadtieal
mechanism; acrylates are considkoae of the most reactive monomers, with further applications in
silicones[166], hydrogels @elatin [170] and chitosan171]), and other polymergpoly(ethyl)
methacrylate/tetrahydrofurfuryl methacrylate (PEMA/THFMAY2]).

1.2.3.4.3Pore size and porosity

Crosslinked emulsions are usually thBmensional structures; the voids and windows left by the
continuous phse are now pores. Porous materials have been used for purification in the chemical

industry as substances are able to travel through, retaining targeted moleculesr{gaesigues).
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Biomedical and tissue engineering areas have found in porousaisageriiche since the form and

size of voids resemble body tissues, therefore, simulating macro and micro biological environments.
Whilst surface porous materials enhance cell attachment, a highly interconnected porous structure
allows for migration of macules and cells within the construct. Additionally, they perform as a 3D

guide fordenovotissue formation.

As described in the emulsification process, the size and form of droplets (pores) is the result of the
interaction amongst the oily and thkeatery interface pressures (dictated by their viscosity), the
mixing speed, and the properties of the emulsifier. Aforementioned variables will also define the
number of droplets per surface volume (porosity), their packing (closeness to each otheg)rand th
interconnectivity. For example, small and few pores could become interesting for reactive functional
groups to attach. As the porosity increases, various sizes of pores could arrive to a packing situation
in which they could interconnect with each ath@oviding pathways for the transfer and migration

of both molecules and cells. However, it is important to consider that by increasing the internal surface
volume (this is, the space of total void), the overall integrity of the construct can be cosgutomi

For example, bigger pores up to saturation would mean that the films of the monomer are thinner,

increasing the interconnection level, but risking a decrease in the mechanical properties.

Porous structures used as biomatetialge been classified mmacro(>100mm), micro(10-100nm)
and mes@ores (<100 nm); the latter usually referred to as nanop§t&8]. For a pore to be
considered as such, should have a depth largeitthaiath [174]. Macroporous scaffoldsith pores
usually ranging betweetb0 and 800mm, are used t@rovide a solid frame, toimic extracellular
matrices[175], to investigate thelevelopment of cells and tissues in biochemical spatioteahpo

scenariogl76], and in conjunction with electronic biosystefhg7].

Micropores arewidely used in tissue engineering applications since the smallest human cells are
sperms and have an average volume ofi@®(j (body lengthdiameter)@4 nm) and the bigger cells

are fat cells and oocytes, with 600,0000° (j @50-69 nm) and 4,000,000m? (j @100 nm)
respectively pores for TE applications range between 50 andr@0th diameter [178]. Cellsuse

pores as physical cues to attach, build extracellular matrix, proliferate, and differentiate. Although
some types of cells share morphologies and behaviours at specific maturation and/or differentiation
times, they go through dynamitianges that need t@ lzonsidered when designing them a porous

i h o mEevén though macro and micropores may fulfil this requirement, nanoporous biomaterials
have been explored as they possess high surface areas, high porosities and their small pores give a
special topographyroughnessand energy to their surfaces, attractive to cglig9]. They are

currently used in artificial kidney systems (biofiltratioji)80] and for drug delivery, but more
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importantly on hybrid macro/nano or micro/nano constructs to enharexggesic differentiatio in

adipose and bone marrow cqll81] and hydroxyapatite formatida82].

The osteochondral unit is home of mainly two cell types: chondrocytes and osteoblasts. Chondrocytes
change their morphology depending on their maturation stage but also their location within the
articular cartilagechondrocyteiave an average sipé 20 mm andseldom go over 66m. For this

reason, pores comprising between 50 andnib®ave been proposed to mimic the articular cartilage
environmen{58] [183], with high porositie§184]. Several studies have shown porosity to have a
less important effect than pore size in cell matters, whilst affecting significantly the mechanical
properties[185]. Contastingly, the subchondral bone porous structure should not only provide a
home for bone cells, but also enhance angiogenic and nervature processes. Proposed scaffolds have
pores sizes ranging between 150 andr&f(186, 187] where results have found bigger pofe300

nmm) Several studies have shown porosity to have a less important effect than pore size in cell matters,
whilst affecting significantly the mechanical proper{i£85], are ketter for cell attachment and cell
migration, but smaller for proliferation. In terms of porosity, the cortical bone has an overall porosity
of 10%, compared to 580% in the trabecular bone. Porosities ranging from 50 to 90% have been
combined with diffeent pore sizes, finding a positive trend (cell behaviour) on medium to high
porosities and large pores, whilst there is no reported directly proportional re[a88h

1.2.3.5.Surface treatments

The surface of @iomaterial is the first interaction between the implant and the host body. Surface
parameters as chemical composition, electrical charge, wettability, crystallinity, and roughness
determine the immediate and consequent biological reactions. The aitgilabiinolecules and

atoms forming the surface of the biomaterial interact with the ones in the host environment, extending
the arrangement between both of them, ideally immersing into one shared space. Surfaces are able to
modify their structures by segyating and reconstructing looking for the state with the lowest surface
energy (equilibrium)189]. Through segregation, the most common effect that biomaterials take
advantage of, molecules and cells can be adsorbed atispgecifi f unct i onal 6 domai ns.

the tissue in a spatiotemporal way by their surface receptors.

The surface of a biomaterial can be modified, when: i) the surface is creating an undesired initial
reaction with the living tissues; ii) the surfgoaessesses good features, but not good enough for the

intended purpose, iii) additional features as embedded materials, drug delivery, tailored degradation
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want to be added (product differentiation). Surface modifications include crosslinking, blocking
surface states, incorporating selésembled monolayers (SAM), and coatings, are some of the

solutions.

Wettability is another property directly linked to cell attachment. Studies have shown that hydrophilic
surfaces tend to attract more cells than hydrojghobes. Some experiments have also shown that
higher protein adsorption levels are observed in hydropHieicsurfaces. These contradictory
experiments show that it depends on the material, the coating and the environment exposed, the
surface charactesiics to be tailored. For polymers and hydrogels, the maximal cell adhesion was
observed on polymeric surfaces with a water contact angle closé,tf7ie decreased in cases
where wettability was too high or too 1gi90].

Surfaces can also have a tfedd objective, to attract cells to the surface of the implant, and to slowly
release the molecules from the surface into the cellular environment. The entrapment of biomolecules
can be done with or without chemically bondingoi the bulk surface, which makes this initiative
really versatile. Hydrogels are suitable for this job; collagen coatings have been investigated as they
can mimic native matrix conditions, as well as interact with signals and growth factors during tissue
regeneration. Among the most successful adsorbed proteins, fibronectin has shown significant

improvement for fibroblast cell adhesif#90].

Bioactivity of surfaces can also be improved by plasma surface modification (P &bthaHk ionised

gas with variable temperature and pressure that is ejected in a confined space. Plasma is generated
through the segregation of a parent atom into ionised electrons; usually achieved through applying an
electric field (commonly in the rangé microwave radio frequency) to the source of gas. The charged
particles easily react with a substrate, altering its compogit@ij. The gas precursor (oxygen, €0

CH, and NH being the most common ones) needs to be chassrrding to the functional groups
present in the surface, which will attract the proteins or cells. Plasma techniques include plasma

sputtering, etching, implantation, deposition, polymerization, spraying and laser plasma.

When a polymer is exposed tlapma, the hydrogen from the surface polymeric chains is abstracted,
creating free radicals that interact with oxygen or nitrogen from the plasma source, and generally
affecting the 1182 A direch Wwa§of modifyihgtthe lsherhistry of a surface is
through plasma coatings. For example, calcium phosphate coatings have been extensively used as
they simulate early layers of mineral deposition for osteogenesis. From the same family,
hydroxyapatite, and carbonatfies have also been used, showing an increase in high reactivity (good

for first interactions) and high solubility (easy degradation). Application of these coatings can be
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through electrophoretic or cathodic deposition, biomimetic and ion precipitatidplasma spraying.

The latter also promotes higher surface roughness, which improves the attractiveness to cells. For
example, calcium phosphates and chitosan have been used to coat polyetheretherketone (PEEK)
implants for regenerative medicine and ophaedic surgerj193]. And polymers such as PLLA and

PGA are commonly coated with ammonia plasma to provide regulatory endothelialisation
mechanisms to vascular implants. Finally, even soft surfaces such as silicone sometinnes re
coatings to increase their wettability and reduce biofouling; ion plasma deposition is used on silicones

for ophthalmic application92].

1.5.Currentdevelopment andhallengeshydrogels and polymers

for OCregeneration

Taking aside the materialsé difficulties while m
developing strategies for osteochondral repair. The chondral and bone tissue coexist in a complex
environment, restrained from each othear instance, the cartilage lays in a synovial bath free from

nerves and blood vessels, whilst the bone is strongly saturated by the two latter elements. To correctly

mimic the native system, both environments should be favoured. Mateitteatmentandscaffolds

have been proposed for OC repair. The latter ones can be further classified into mono, bi and tri
layered. Prior to implantation, scaffolds can be seeded with cell lines, or implantédecBeeded

scaffolds have tried various combinatioms tartilagebone layers: all chondrocytes, all MSCs,
chondrocytes : MSCs, and MSCs: MSCs.

a. Celllines

Independently of the decision of implanting dieie or preseeded scaffoldé vitro studies require

the Afuture casto (or a similar one), to-test th
to-be. Chondrocytes and osteoblasts are the original inhabitants of the subchondral units (among
osteocytes and osteoclasts); it isunalto use them to simulate how things could be workingvo.

Seeding independent walefined cell lines can avoid the problem of mixed differentiation and

changes in morphology linked to proliferation in external environments. However, harvestieg nat

cells can cause site morbidity, transmission of diseases, and is exj&f@4djve
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Scaffolds seeded with only chondrocytes have been tested to promote a controlled chondral
differentiation and an endogenous ossificatiothie bottom layer. Although it has been proved that
mesenchymal cells differentiated into chondrocytes can undergo further endogenous ossification
[195], controlled parameters such as eegpression of proteins, oxygen aweight loading have

been studied aiming to stop them before or §1@6]. Similarly, osteogenic differentiation has been
obtained through the addition of osteoinductive and osteoconductive factors, vascularization, and
infilt ration channelg197]. Current problems remain in the selection, supply and distribution of
factors and supplements to enhance cell differentiation altogether but independent by tissue, whilst
coexisting in a proposed scaffoRlelevant studies on efforts of regenerating both articular cartilage

and subchondral bone are reviewed herein.

Stem cells are a rich and viable source of reprogrammable cells, which can be oriented towards the
experiment 8s o0obj ect iespeanse fromtieelhasthody. ronh thevavailabhepoah e
of stem cells, adult stem cells are relatively easy to grow, less likely to be rejected by the body, and
with less ethical concerns. MSCs are multipotent-imematopoietic stromal cells of easy isolatio

and proliferation. MSCs from the mesoderm layer are able to differentiate into cartilage, fat and bone
cells, and can be isolated and expanded from human and animal sources, or cocultured with
chondrogenesipromoting cells that encourage them to diffgi@e into chondrocytes or induced by
osteoinductive cues to form new bofi®8, 199, 200, 201]Differentiation of MSCs into their
mesodermal lineages is commonly done by supplemented misd@blasts are first differentiated

into preosteocytes, and finally arriving to mature osteoblasts, when supplemented with ascorbic acid,
b-glycerol phosphate, and dexamethasone. This process induces activity of alkaline phosphatase and
mineralisation. @ the other hand, the differentiation of MSCs into-ginendrocytes and mature
chondrocytes include a wide range of supplements (platelet rich plasma[ZB®P insulin
transferrin selenium, linoleic acid, selenious acidupsite, ascorbat®-phosphate, dexamethasone,

bone morphogenetic proteth(BMP-2)), growth factors (transforming growth factér | 1 I- ( T GF
bl 11), i nsul i A (IGFiDkx and hornomves (parathyoidt hormersdated peptide
(PTHrp) and triioddtyronine (T3)) that allow cells to express cascade signals to induce

chondrogenesiR01].

Bonemarrow mesenchymal cells (BMSCs) have been preferred due to their osteo origin; their use
simulates what is intended in surgical techniques like microfracture. BMSCs have shown to
differentiate into both bone and cartilage tissues, preserving @llsahmorphology and secreting

t-cell suppressive cytokines, important for allogeneic transplantation [203]. Fibrin/methacrylated HA
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porous scaffolds were used to induce articular cartilage regeneration, with successful suppression of
the production ofallagen type [203]. Promising results were also achieved in-aper CRHA/Ch-

Alg-HAp scaffold ceseeded with BMSCs/osteosarcoma cells or chondréiggmsteosarcoma cells

to study the interaction between dales, observing better chondrogenic expression (type Il collagen)

on BMSCs than chondrocyte like cells, and an equal positive osteocalcin expression on both tests
[204].

Adiposederived stem cells (ASCs) have also been ingat#d due to their ubiquitj205] and
resemblance to BMSCs for osteogenesis. Additionally, 1 g of adipose tissue can yield 500 times more
stem cells than 1g of bone marrd206]. Despite their high proliferations, there is not a big
understanding on how the ECM guides and induces differentiation in R8Ts

BMSCs and ASCshare high availability and successful differentiatiowitro, although challenges
related to the number of cellvailable after increasing subculturing and working passi2@&3.

Additionally, dedifferentiatiorand differatiation protocols have not been yet standardised.

Synoviumderived MSCs (SMSCs) have also been considered for bone and cartilage tissue
engineering. SMSCs can be isolated from joints (limiting their availability) but obtaining the best
differentiation results among the researched stem[@d]sOther varieties of stem cells like induced
pluripotent stem cells (iPSCs), embryonic stem cells (ESM) and infrapatellar fat pad derived stem
cells (IFR) have beentadied mainly for chondrogenic differentiation. Even though results are
promising, there are few clinical studies to prove their harvest and efficiency for osteochondral
regeneratiorf209]. Vascular Smooth Muscle cells (VSMCs) are smooth muscle cells that when
stressed or damaged, inhibit their original function (dedifferentiate), and redifferentiate into
chondrocyte and osteogenic properties, and showing mineralisation and calcificatieir &QM

[210]. Few insights have been done on how this could be applied on osteochondral regeneration but

could support its enhancement of both osteogenesis and angiogenesis.

b. Mimicking topographicafeaturesandspatial environment

Orientation and organisation of pores influence cell behaviour (attachment, migration, proliferation,
and differentiation). The optimisation of the spatial environment aims to support chondral cells to
migrate into theirespective layers, and facilitate the formation of-tissue, close to the native one.
PLGA scaffolds with radially oriented poré@40 nm) were fabricated through freegeying. Cells

populated the microtubules and showed an elongated morphology, hwoagly distributed, and
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deeper migrated against random pores used as control. Even though alikgaliaetilage tissue

was noticed, a natural interlayer was formed, dividing both tig&ldd$ Randomly aligned, axially
oriented and radially oriented pores have been studied in terms of mechanical properties and cell
affinity. Axially oriented pores were found to increase the elastic modulus, while vertical aligned

channels were more propense oflapse under compressive forces.

Surface features can be isotropic (changes in organisation) or anisotropic (grooves and ridges).
Isotropic multidirectional zonal (MZ) scaffolds supplemented with hyaluronic acid and carbonated
hydroxyapatite were seedetith bone marrow stromal cells (BMSGSFP (green fluorescent
protein) as a reporter. They were able to differentiate to early stages both chondrocytes and osteoblasts;
the pore size and geometry helped cells to respect their layer morphology, andsuoledile factors

could mediate cellular phenotype. Additionally, both had a big impact on ECM composition and
structure[212]. Tubular structures have also been explored. A calcium phospbltdgen bilayer
scaffold withaligned channels was proposed for osteochondral regeneration. Cells migrated quickly
through the channels (dependent on channel diameter), enhancing cell attachment and proliferation
in both areas. However, bone regeneration was so fast that it overralnadenesis, suggesting that

a control of the subchondral regeneration (more associated with random pores) was required, but
maintaining the benefits of channels on chondral I1g4r3]. Bilayer scaffolds (half tubular andlha

porous) found that their tubules would mimic articular cartilage fibre organisgiat}; multi-

layered collagen scaffolds seeded with ASCs showed cellular aggregations on the swollen networks,
forming rod like cellular coglomerations both only showing chondrogenesis when induced through
growth factor§215]. Theseresults are supported bgdially oriented PLGA scaffold211, 216Jand
amonolayer sillfibroin-collagen[217] thattested the differences between axial, radial and random
pore alignmentwhere radial pores were preferred for OC regeneration, followed by axial and random

ones.

Biomaterials have intrinsic physiahemical properties. Among them, surface energy stands out as

it determines the anchor points for cell and molecule attachment, influencing cell behaviour and fate.
PCL, PLA and PEO:PBT were 3D printed in a mesoporoaffiadd and their chondrogenic and
osteogenic capacities were measured in stiffness (SG) and wettability gradients (WG). They
discovered that for both SG and WG, a higher ALP expression was registered on the softer material
(PEO:PBT), whilst GAG amount hdmsgher in PLA (for WG) and no significance difference with

SG for chondral expression. This remarks the importance of gradient mechanical properties and

wettability in vitro [218]. Surface energy can also be achieved through porous prepolymer solutions
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that form porous scaffolds. PCL/DCM micro struts (can®) wi t h nano pores of
an increased 10 fold surface energy versus non porous struts, supporting proteinlhadicesien;
additionally, MSCs on chondrahedia exhibited long bodies and filopodia, whilst denoted round
cellular behaviour on neporous surfaces. However, osteogenic differentiation worked the other way
around, evidencing the interrelation betweerfas topography and the biochemical environment

[219].

c. Mimicking ECM environments

Hydrogels are soft and malleable by nature. Even though they were initially discarded due to their
low mechanical properties, novel proposals take advantage of theiwhaigh content, chemical
resemblance to the ECM, biocompatibility, and biodegradgbititengineer functional materials.

Alginate, chitosan, and agarose have all shown to be able to support growth and proliferation of
encapsulated chondrocytes and MSCs over time, whilst maintaining their cell morpl220g321,

222]. Even though all these materials are from easily available sources and are highly biocompatible,
they are not known by their bioactivity nor their desirable mechanical properties. However, physical
and chemical crosslinks habeen used to functionalize their reactive grof23], and to include
peptide patternf224] and nanomaterials (ceramif225], calcium phosphatf226], apatiteg227])

in the core of the hydrogel solution, increasing their attractiveness to cells, and mechanical properties.
As the hydrogel degrades, the immersed particles get available for cells which frareitker build

desired ECM, or support differentiation processes like chondrogenesis and osteogenesis (some cases
only osteoconductivity and some others osteoinductj2i®8]). Microparticles as Wollastonite and
Laponite hae shown to improve the mechanical properties of hydrogels, whilst influencing mineral
deposition[229, 230] Preosteoblasts and osteoblasts have been studied to regenerate subchondral
bone. Preosteoblasts are able to differentiate into osteobiast&ro, and osteoblasts embedded in
HA-PEGclay hydrogels have shown production of ECM and matrix mineralisgapatite
deposition)231].

Collagen multilayered scaffolds have been proposed due to their similarity with the host tissue. A
threelayer scaffold (top: type Il collagen and HA, middle: type | and Il collagen andbididom:

type | collagen and HAp) was freeze dried and showed promising biocompatibility on MSCs,
supported by the high porosity and interconnectivity of yet independent [@@&]s These results

are contrary to the ones repad for silk materials. Bilayer sifibrin scaffolds seeded with
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chondrocytes were implanted in rat knees for over 36 weeks. Even though the material integration
and degradation were achieved within that time, only chondral regeneration was obsengtd, whil

ossification was merely perceived in bottom layers of the scd#818].

When cocultured, cell lines used for subchondral regeneration might go through endochondral
ossification. Whilst this is desired for the bdager and partially desired for the chondral one, biggest
challenges are to maintain cell morphology (hence differentiation), and to either inhibit or control
endochondral ossification and related chondrocyte hypertrophy. A bilayer porous collagen scaffold
seeded with differentiated chondrocytes showed an increase in type Il collagen and GAG production,
although they underwent fibroblastic phenotype. Osteoblasts, on their hand, evidenced early
mineralisation signals and ALP activi{#34]. Accordingly, chondrocytes and MSCs were seeded in

a bilayer agarose scaffold. Chondrocytes were able to keep viable (even if not proliferated),
maintaining their phenotype, whilst MSCs showed mineralization in a hypertrophic medium through
endahondral ossificatiof235].

Even if not fully understood, the role of the calcified intermediate layer has been associated with
delimiting cartilage and bone layers. This barrier has been mimicked as a physical layer or in a
difference in chemical and biological components. For instance, agdgisateHAp/BG (bioglass)
composites were used to create a hypertrophic calcified interface for OC appli286hdn a

similar experiment, the importance of a third layer proved important to create a calcified layer
between bone and cartilage. Additionally, the media supplement played an important HlalgerTri
collagen scaffolds seeded with MSCs showed that, uratenal media co culturing conditions, cells
could keep their phenotype, but remained undifferentiated, mainly close to the middle layer of the
scaffold. On the contrary, under chondrogenic media, chondrogenesis was achieved, and hypertrophic
behaviour (typ X collagen) was observed on interfacial cells. Divergently, co cultured cells in
osteogenic media calcified all layers, even if expressing collagen and GAGs in the cartilage layer
[237]. This confirms the strong effect of madsupplements to influence ossification signals

transferred from bottom to top layers (bone microenvironment).

Polymers have also been proposed for osteochondral applications, and commonly mixed with
hydrogels. Multi layered PGHA-atelocollagen constructs were 3D printed to simulate chondral
(atelocollagen) and subchondral bone structures (HA). In vivo analydieemnrabbits showed a
complete integration of the material with the surrounding native tissue. Similar results were obtained

in PCL-HAp multilayer scaffolds, where HAp promoted the integration between native and new bone
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[238]. Chondral morphology was kept for up to 8 weeks without mineralization from the bottom

layers, with observed new bone formation, even if not significant mineraligagéh

In terms of angiogenesis, thee bone tissue cellare usually not far thaR00 nm from the nearest
capillary (diffusion distancejlginate and fibrin hydrogels have shown to facilitate vascularization,
against chitosan which has helped cells to produce significant quantitiesre€agagd cartilage

ECM. GelMA was used to create bulk and mictmannelled scaffolds to research bone regeneration
and angiogenesis. Even though vascularisation of the scaffolds was increased with channelled
scaffolds ¢ 365 nm), bone mass was not sigmdintly higher, remarking the importance of

developing designs that address both requirenj246s.

d. Mimicking mechanical properties

The native osteochondral unit is a dynamic one. Both the articular cartilage andchendral bone

are exposed to constant compressive, tensile and shear forces. The ECM and the cells within it are
influenced by this. Stem cells have a direct interaction to their extracellular frame, and can respond
to mechanical stimuli within a rangsd 0.0260.080 MPa for cartilage and 0.:00190 MPa for
osteoblastf241]. Osteochondral defects on bovine explants were placed in a bioreactor (ceramic ball)
to create compressive and shear loadifpndrocyteseeded fibrifPU scaffolds were placed in the

tunnel and tracked over 10 days. Cell viability and morphology was positive and equal through the
experiment, except from areas on the edges of the defect, possibly due to tissue trauma. However,

fibrin-PU scaffolds showed low cell migration rates, even when supplemented witHZ42in

The aim of biomaterials is to closely mimic the mechanical properties of the native tissue, but not to
overpass it as it can drivdamage to the host tissue. The articular cartilage has a low compressive
stiffness (0.12.0 MPa), an elastic modulus of 3. 5 MPa and a Poi ssonds rati
during elongation process). It has been reported that the minimum stiffnepsortwte
chondrogenesis on MSCs is 84.8 kPa. On the other hand, the subchondral bone has an elastic

modulus of 115 GPa; a stiffness of 280 kPa is required to promote osteogenesis.

This has been attempted through various manufacturing techniqueg, mirofluidics and 3D
bioprinting the most successful orjgd5, 241] 3D printed polymer/hydrogel scaffolds allow macro
and micrestructures to be printed in detail; the combination of inks, anthtitoeluction of cells and
molecules within the polymer / hydrogel structures. 3D printed hyddmagdd scaffolds still show

low mechanical properties (mainly after implantation), take a long time to be printed (hence risking
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cell viability), and the lowesolution of constructs does not allow them to reach micro/nano scales
[243]. However mechanical testing gorototypes where ceramics and hydrogels were mie®adted
in the features of soft ceramidew modulus and low compssive strength, which is significant for

their use in soft and hard tissues.

Natural polymers reported good mechanical properties, plus the benefit of a quick degradation.
Soybearder i ved polyesters scaffolded through salt
elongation at break of 0.6603, 0.190.21 and 62184% respectiely, varying monomer ratio.
Degradation rates were also tested and observed bulk degradation, complete within on@ month
vitro. Although increased mechanical properties are closer to native bone ones, embryonic cells
attached and proliferated better ondnsoft constructs over time, and early mineralisation was
observed244].

Synthetic polymers, pure or blended with micro/nano molecules repdednechanical properties

to enhancesell interaction PCL-Hap scaffolds had.8 and 4.6 MPa of compressive modulus and
compressive strengtf238]. Biphasic porous PCkoatedPGA and PCEHAp scaffolds were 3D

printed and obtained a compressive modulus oft8.IMPa and 8& 30 MPa respectively, both in

range with native tissues. Regeneration after 6 weeks denoted articular cartilage, a thin jatedface
mineralisation & vascularisation of the subchondral §2d&]. PLGA, another polymer highly used

due to iteexceptional biocompatibility and tailored degradatiwas used to produce triphasic porous
(200-400mm) scaffolds with a tubular structure for cartilage regeneration, and a random porous one
for bone. The chondral and bone (reinforced with nano HAp) areas had a compressive ma@ulus of
0.85 and 1.95 MPa resgtively[215].

Pore size has shown to haweninoreffect on overall compressive modulus and yield sti248].

On the contrary, overall porosity and pore geometry greatly affect these mechanical préimeies.
geometries have been altered to understand how the mechanical properties change and possible
effects on cell behaviour. P@HAp scaffolds with differentangle conformation showed that an
increase in porosity was linked to a decrease in Young Modulus, and a similar inversely proportional
relation was present between compressive forces and the angle between pore walls (varying according
to the axis in whichthe force was ejected). This is a similar behaviour to the trabecular bone in the
body[247].
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1.6. Animal modeldor osteochondralepair

Implanted pieces should be as close as possible to the clinical environmentrmalé for OCD

include rats and rabbits, and big animals, dogs, pigs, sheep, goats, and2adis€xher elements

to be considered are the size and location of the joint, the age of the tissue, its mechanical properties,
and its availability. In most cases, the critical size of OCD is created to ensure a less but still
significant invasive procedure, as in related to the mean weight of the species. The table below

illustrates the most common animals used in OC researdeindharacteristici248].

Specie  Skeletal Cartilage Bone OC defects Disadvantages Applications
maturity
Rats = 7 months  Thin Small 2x2mm Joints are too Preliminary
(0.1 mm) tunnels are small for results = biocompatibility,
commonly used  to betracked. toxicity,
Rabbits 9 months'  Thin Small 3-5x 25 mm Joint sizes and = bioactivity, and
(0.3 mm) and thin OC defects thickness are not mater i ¢
comparable with  interaction[249,
humans 250]
Dogs 12-24 Thin Propense to Big ethical
months (0.95 develop OCD considerations = Articular cartilage
mm) (OA and regeneration251,
osteochondritis) 252]

and their tissues

do not repair

themselves
Pig 18 1.5mm Closeto Defects of 68 Expensive
months human mm and purchase and

variable depths maintenance

Sheep 2-3years  Thin Close to Critical size = Cartilage is tahin Orthopaedic

(0.45 human @ defectis 7 mm research
mm) (trabecular metals
TM) [33]
Goat 2-3 1.1 mm  Similar Prone to OC Expensive Degradation rates
years joint bone defects purchase and  and safety profile
forces maintenance;
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Defects used ar¢ small size of of biomaterials

6 mm lesions [253, 254]
Horse 2-4 1.75mm Closest = Prone to OCD Expensive Osteochondral
years to human Defects used 1C purchase and  unit repairs under

anatomy X 510 mm postsurgical care load bearing
conditions[255]

Monke 10years 0.50.7 3.2x4 mm Healing Cartilage
y mm defects behaviours regeneratiori248]
different to other
animal models
and human
Human 1822 2.35 mm Prone to OCD

years

From all proposed species, horses are considered the most ideal model due to two main reasons: on
one side, their extremitiesd anatomy (specifical
they are prone to develop OCD. On the otrend, their active lifestyle resembles the one of humans,

where the behaviour of the joints bearing load and shear stress can used as a reference for human

clinical models. Despite of all the advantages, the availability of horses as samples, amtitiee tra

time limit their use.
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1.7. Project Aims and Obijectives

The aim of this project was to investigate and determine the ideal material properties to design and
manufacture a bilayer porous scaffold that could behave as an osteochondral plug in bone and

cartilage tissue engineering applications.
This could be accuoplished by:

1. The synthesis of PGS and PCL prepolymer solution, and their further functionalisation through

methacrylation processes.

2. The design and manufacture of monolayer scaffolds of PCLMA and PGSM through emulsion

templating that possessed meaulal properties within the range of the host tissues.

2. The test of abovmentioned scaffolds in biocompatibility and matedall interactions with cell

lines related to their application.

3. The optimisation of both the material and the cell culgurathniques to support cell attachment,

proliferation, migration (and optional differentiation) under the described variables.

4. The design and test of bilayer scaffolds under the same parameters.
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Chapter II. Materials & Methods

The experimental work took place in the Kroto Research Institute S18 and the Pam Liversidge C+
Laboratory. This section contains materials and methods where protocols are often used in the
following chapters. Specific protocols relevant to chapters can bd fowsuch chapters.

2.1. Materials

All reagents were purchased from SigAddrich (UK) unless otherwise stated.

2.2. Methods

2.2.1.Polymer Synthesis
2.2.1.1.Polycaprolactone (PCL)
2.2.1.1.1Synthesis of 4Arm Polycaprolactone [34]

& ,.‘CM" S
HO )]\/\/\/ o
o H,C “H HO
+ HO OH = > +
)j\/\/\/ : i -
OH H,C N
OH
g-caprolactone Pentaerythritol @ C/U\/\/\/- s

(CH,,0) (C,H,,0,)

Mult-armed hydroxyl terminated oligomer

Fig. 13. Synthesis of-4rm PCL[89].

A ring-opening polymerisation was promoted under a nitraggnatmosphere (1.5 LPM, 14 psi).
&-caprolactone and pentaerythritol were added to a-tieek flask, plugn 50% excess. The system

was set in an oil bath system and warmed up to 160°C at 200 rpm. The left neck was covered with
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foil paper, the middle with a cap and the right one with the nitrogen source. When the pentaerythritol
had completely dissolved, a ¢rof Tin 2ethylhexanoate was added and the system was covered
with foil paper and left for 24 hours. The system was then removed from the bath and cooled down.

Fig. 13. lllustrates the synthesis process.

2.2.1.1.2Methacrylation of 3 and-arm PCL

The functionalisation of PCL oligomers was done by adding ptratsslinkable methacrylate groups

to the polymer ter minal e nwasuseddadisdoledhe BGhédfolreane ( D
transferringittoaheck round fl ask. 6:1 molar proportion
added and the reagents were stirred with extra volume of DCM. The flask was immersed in an ice

bath and set to 350 rpm. Nhetcrylic acid (MAA, 99%) was weighed in a 6:1 molar proportion and

mixed with 100 ml of DCM. This was transferred to a dropping funnel and included in the ice bath

system, at the speed of one drop per second. When the MAA had been poured, the systém was le
overnight at room temperature, in dark conditions and at 350 rpm.

2.2.11.3.Polymer purification

A litre of HCI (12M) solution was prepared with deionised water. The prepolymer solution was added

to a separation funnel and the acid solution was poured in. The container was then shaken in cycles
to remove remaining pressure. The system was left to decant, and therfioyiéayer was poured

out. This was repeateddtimes. The mixture was then washed with deionised w&ignsequently,

the mixture was transferred to a rotary evaporator system, covered in foil paper and placed in a water
bath. The solvent was removedeo time and the PCL methacrylate was transferred to a large bottle
with 8-12x volume of methanol. The solution was placed {8Q2C freezer overnight and the next

day the methanol was replaced. After repeating this process for 2 days, the extra sdvemoved

in the rotary evaporator and the PCLMA was stored in a vessel in the freezer.
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2.2.1.2 Poly(glycerol sebacate) (PGS)
2.2.12.1.Synthesis

HO\/‘vOH

Glycerol o O

1)120°C 24 h *Y\O)LM}O’);

+ 2) 120°C, 30 mTorr, 48 h OR
Poly(glycerol sebacate)

o} (o]
R = H, polymer chain
HO” “~OH
n

Sebacic acid

Fig. 14. Synthesis of PGS by a condensation reaction between glycerol and sebacic aci

The desired weight of sebacic acid (usually 120 g) was placed in andokdlask. An equimolar

weight of glycerol was poured from the middle neck. The flask was placed in a nitrogen system; the
left neck was connected to the nitrogen source, the mitidievas open for gas recirculation and the

third one supported a thermometer. The system was warmed up to 120°C and left for 24 hours in an
oil bath at 150 rpm. The nitrogen source was then replaced with the vacuum and the middle neck was
covered. The sysin was left for 2hours(Fig. 14).

2.2.1.2.2Methacrylation

A gram of prepolymer PGS possesses around 0.00387 moles of OH [34]. 30%, 50% and 80% PGSM
was produced. After 24 hours of vacuuming, the system was removedhieanil bath and left to

cool at room temperature. DCM (1:4 w/v) was added until completely dissolved using agitation.
When homogeneous, the system was set into an ice bath. Triethylamine (TEA) was added on the
middle neck according to the amount of moléO#1 intended to be methacrylated (1g of PGS
prepolymer solution has approximately 0.00387 mol of OH). Subsequently, Methoxyphenol (MeHQ)
was added by 1 mg MeHQ per g of prepolymer PGS to prevent undesired crosslinking. When the
solution had been well mike Methacrylate anhydride (MEA) was incorporated using a dropping
funnel at a rate of one drop / second. The system was covered with foil paper and left at 150 rpm for
24 hours. The next day, an extra 0.5 mg of MeHQ/ g of PGS prepolymer was added to stop

crosslinking.

69



2.2.1.2.3Purification and solvent extraction

Washes were performed using a litre solution of 30mM hydrochloric acid (HCL) as explained in
PCLMA steps. The system was placed in an ice bath in the rotary evaporator and the solvent was
removel until the PGSM reached a hoAike viscosity. The PGSM was transferred to a glass bottle

and stored in the freezer under dark conditions.

2.2.2.Manufacturing
PCLMA, PGSM and PCLMA:PGSM bulk polymerisation

Polymer solution was warmed up to room terajpane and 5% of photoinitiator (diphenyl (2,4,6
trimethylbenzoyl)) was added to a glass vial. The mix was stirred at 850 rpm for 5 minutes and poured
into the silicon or printed moulds. To remove big bubbles, the mix was placed in the vacuum oven at

room emperature until no signs of bubbles were present.

2.2.2.1 PCLMA PolyHIPEs

0.4 g of PCLMA and 10% wof Hypermer surfactant were added to a glass vial and heated to 40°C
until completely dissolved. This step can be removed if the PCLMA solution is in a liquid form rather
than powder. A Chloroform: Toluene solvent solution 60%:40% wt was prepared ancblLife

was added from PCLMA weight (0.6 g); and 5% PCLMA wt of photoinitiator. The mixture was
placed in a 37°C water bath and mixed at 350 rpm using a small oval magneti@astiree20 ml

glass vial When homogeneous, a known volume of water was agiagavise (2 to 3 ml), and the
mixture was left for a total mixing time of 10 minutes. The emulsion was transferred to a plastic
syringe or PDMS silicon moulds and placed under UV light using an OmniCure Series 1000 curing
system (100W, Lumen Dynamics, Gaia) for 5 minutes each side.

2.2.2.2PGSM PolyHIPEs

0.5 g of PGSM, 0.05 g of Hypermer surfactant, 0.5 g of Toluene solvent and 0.2 g efrpinetar
(diphenyl (2,4,6 trimethylbenzoyl)) was added to a glass vial and mixed at room temperature and 350
rpm, using a small oval magnetic stirrer. When the mix was homogeneous, a known volume of water
was added dropwise (2 to 3 ml), and the mixture was left for a total mixing time of 10 minutes. Curing

steps were as reportedRCLMA.
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2.2.2.3PCLMA:PGSM POyHIPEs

PCLMA and PGSM polymer solution was mixed at 350 rpm, according to the desired ratio for at
least 1 hour at room temperature, using an amber vial and a small magnetic stirrer. Posteriorly, 0.5g
of the PCLMA:PGSM, 0.05 g of Hypermer surfactant, 0d? ghotainitiator and 0.5g of a Toluene:

DCE solvent solution 60%:40% wt was added to a glass vial. The mix was allowed to become
homogenous for 3 minutes; a known volume of wated (2l) was added dropwise, and the mixture

was left for a total mixingitne of 10 minutes. Curing steps are as we reported for PCLMA.

2.2.3. Scaffold washes and drying methods
2.2.3.1.Methanol and water washes

Scaffolds were washed in methanol solutions for 4 days (100%, 80%, 50%, 30%) and then placed

into deionized water fanechanical testing or PBS for cell seeding

2.2.3.2.Drying method: Air conditions

Scaffolds were placed in separate wells in-a2{l plate. The lid is left half open, and they remained

in dark, dry conditions overnight.

2.2.3.3.Drying method: Freeze drying

Scaffolds wee placed in separate wells of a@4ll plate. An extra volume of water was left on each
well. Afterwards, they were placed inside of the freeze8 @ for at | east 2 hours
then placed inside of the cold chamber of an EC Modulyo Fregee&d- 60 and vacuum pressure

They were left undesuchconditions, overnight.

2.2.4. Surface modification

2.2.4.1. Plasma coating

Scaffolds were either dried overnight or in aZC environment before being coated. Scaffolds
were placed in a foil paper bed andep® Plasma Surface Machine (Diener Technologies) was used
for the time and power depending on the hydrophobicity desired. Scaffolds were then placed into PBS

or deionised water and were used within 3 days.

2.2.4.2 Fibronectin

Scaffolds were moved from their deised containers and placed in arfifml solution of human

fibronectin (Yo Proteins AB). The vials were left in fresh conditions, overnight.
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2.2.5. Characterisation

2.2.5.1.Hydrophobicity: Water contact angle

A Kruss DSA 100 machine was used to test hydrophobicity adysoscaffolds. Scaffolds, both
plasma coated and nenoated, had previously dried at room temperature. The sample was placed in
the platform and &l of deionised water was dropped from a 1 ml syringe with Gauge 23 needle size.

The angle was recorded aagicture from the position was taken immediately after.

2.2.5.2.1H+ Nuclear Magnetic Resonance (NMR)

Bruker BioSpin AVANCE Ill 400 NMR $mm solution state BBFO1H / 19F15N dual resonance,
z-gradient)System GHO00507 was used to identify peaks related to chemical compounds in polymer
solutions. A fresh vial of polymer was kept in dark conditions and low temperatures beforehand. A
sample of 101 was tested, and readings were repeated in triplet. Sp&MR spectra peaks were

associated to corresponding functional groups (or chemicals remaining).

2.2.5.3.Gel Permeation Chromatography (GPC)

A Viscotek GPCmax VE200 system with differential refractive index detector (Waters 410), was
used to determine the molecutaeight of noamethacrylated and methacrylated polymer solutions
(10-20 mg), dissolved in tetrahydrofuran (THF). A flow rate of 1 ml/min at 40 °C, and polystyrene

calibration standards were used.

2.2.5.4.Scanning Electron Microscopy (SEM)

PCLMA scaffolds were deid beforehand at room temperature and covered in foil paper. PGSM and
PCLMA:PGSM scaffolds were firstly frozen &0°C for at least two hours and then dried overnight

in a freezedryer under dark conditions60 and a vacuum systenPolymeric samples we
moulded into metallic stands with conductive carbon stickers. Next, they were exposed to gold
coating using a Quorum Q15ES with a layer of €0 nm. To ensure full conductivity in thick
samples, dots of silver ink were placed between the coatindparsticker. An Inspect FEI F50 SEM

was used with magnifications from 4@000x to record images of the surface and internal porosity
of scaffolds, coated and naoated, before and after they were seeded with cellsadé¢ederating

voltageused varied beteen 5 to 10 kV.
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2.2.6. Mechanical testing
2.2.6.1.Tensile strength

Bulk monoliths were created by mixing the polymer solution with 5% of photoinitiator as described
in Section 2.2.2.1Porous samples were created by using the PolyHIPE formulas as mentioned above.
The mix was then injected into PDMS moulds designed inrdaocce with ASTM D638.0 but
reduced by a factor of 3.83 to fit the maximum sample size of the testing mathimdinal
dimensions of the exposed part of the dogbone (testing part showrirakiged.5). Bulk and porous

polymers were cured under a UV lamp for 5 minutes on each side.

Bulk samples were clamped into a Mecmesin OmniTest scajlenn materials tester using a 25 N

load cellfor porous samples, and a 250iddd cellfor bulk samples. Porous samples were fragile;

therefore a cardboard support was created to ease the clamping and removed for th&igpsthg

Samples were tested at a speed of 6mm/ min and ¢t}
modulus was determined using the linear region of thediigdacement curve.

7.38 mm
o——20

17 mm

5.7 mm

11 - 13 mm

2.7 mm

33.92 mm

Fig. 15. Cardboard structure to give extra support to assemble porol
samples for tensile testing.
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2.2.6.2.Compressive Strength

Bulk monoliths were created by mixing the polymer solution with 5% of photoinitiator as described
in Section 2.2.2.1Porous samples were prepared as PolyHIPE formulas mentioned above. The
polymer mix was poured into cylindrical moul66]; samples were cured under UV light for 10

minutes on each side.

Samples were placed in plates of a Mecmesin OmniTest siolglenn materials tester using a 25 N
loadcell for porous samples, and a 250 N la&tl for bulk samples. Samples were tested at a speed
of 1 mm/ min and the test was |l eft until total
using the linear region of the loaisplacement curve.

2.2.7. Imaging
2.2.7.1Vibratome

PolyHIPE and bulk scaffolds were slicesing aCi Campden Instruments 5100 Mz Vibratome with

a rangeof thicknessof 25 to 500mm, at a speed of 0.15 m/s and 80 MHz. The slicing environment
was kept cold and wet using a bed of deionised water and ice. PGSM and hydrogel samples were
frozen at-80 C overnight before being mounted. Slices were kept submerged in PBS with 0.1%

sodium azide to prevent the growth of pathogens.

2.2.7.2 Digital Microscopy

A Motic BA210 Binocular Compound Microscope was used to image slices from porous polymer
and hydrogel scaffds. Slices were kept in a wet environment whilst imaging to reduce blurriness on
the edges. Lens with magnifications of 4x, 10x, 20x and 40x were used, as indicated in the legend of

the figures.

2.2.7.3.Lightsheet Microscopy

Lightsheet microscopy was used to abtddimensional images of PCLMA and PGSM scaffolds
using a Z.1 lightsheet microscope (Carl Zeiss AG, Germany) and ZEN imaging software (Zen
9.2.8.54, Carl Zeiss, Germany)et scaffolds were cut into 2 mm diameter cylinders using a hole
puncher and arrged inside of a glass capillary, aided by a 1% agar solution. Samplelseatised

and positioned in front of the objective (Zeiss W PAgrochromat 10 x / N.A. 0.5 for detection and
Zeiss W Plampochromat 10 x / N.A. 0.1 for illumination). Alexa Flu488 and Alexa Fluor 546

col

wer e used as excitation and emi ssi on wavel engt
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fluorescencelmages were processed using Zen software and Im#g&-3tack was used to create

three dimensional images of the scaffolds, made up of 80 stacked images.

2.2.7.4 Epifluorescent Microscopy

Sliced scaffolds between 30 and & were kept in an aqueous environment and imaged using the
Brightfield setting of an Inerted Olympus Fluorescent Microscope. Lenses with magnifications of
4x, 10x, 20x and 40x were used, as indicated in the legend of the figures.

2.2.8. Degradation

Polymeric scaffolds were placed in different solutions to track their degradability over time: i) PBS
buffer solution(as a neutral environmerdhd ii) Sodium hydroxide 0.1 and MB(used as alkaline
solution to simulate an aggressive environment like the one scaffolds coulid fitg. Scaffold
degradation was measuratitO and every week for 3 miis. For doing that, bulk scaffolds were
dried in an oven for 1 hour before being weighed, and porous scaffolds were dried with a soft white
cloth. Disturbances in the solution were obserusihg a digital microscope and the naked aye

delamination andracking of the scaffolds can be easily identifiethe macrostructural level

2.2.9. Hydrogels
2.2.9.1 Alginate matrices

Sodium alginate and calcium chloride solutions were prepared by dissolving the desired amount (1
2%) of each material in deionised water. Solsiovere filter sterilised and autoclaved prior to cell
studies. Drops, slurries or moulds of sodium alginate were submerged in a beaker with calcium

chloride and then removed prior to storage in water@tot in media at 3T.

2.2.9.2.Gelatin matrices

Gelatin séutions from bovine skin were prepared by dissolving the desired ameg#t)in boiling

water and left stirring for at least 3 hours in a boiling water bath. Vials of the solution were stored at
4 C.

2.2.10. Cell lines

2.2.10.1. For tissue regeneration purposes
2.2.10.1.1. Osteoblast cell line

Human embryonic stercell derived mesenchymal progenitors (REBs) were used for osteogenic

growth and further differentiation. They possess a mesenchymal phenotype and a fibroblast
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morphology, which is spindike when cultured intatic conditiong257]. They are able to express

markers present in adult MS(258]. The passages ranged betweénlQ.

2.2.10.1.2. Chondrocyte cell line

Bovine articular chondrocytes (BACs) were used for chondral research. In high densities, they
produce matrices rich in type Il collagen and proteoglycans. They have a spherical morphology when
cultured in solution / hydrogels and a flattened one in moeratalyculture§259]. Passages used

were between B 6.

2.2.10.1.3. Immortalised cell line

The clonal line Y201 was initially isolated from human bone marrow and has been shown to maintain
adipogenic, chondrogenic and osteogeriteptial. They have been immortalised with the human
telomerase gene (AhRhTERT MSCso0) to help over come
other MSC4260].

2.2.10.2. For control

Human Dermal Fibroblasts (HDF) and Murinet&@xytelike (MLO5) cell lines were used as
controls on early cytotoxic and attachment experiments. The culture and seeding techniques were

eqgual to the ones they were paired to (HDF asKIPS control, and MLO5 as BACs control).

2.2.10.3. Culture media preparation

BACs, MLO5, HDF and hES®P cell lines were used a Basal Media (BM) which is the simplest
formulation of medium plus foetal bovine serum (FBS), antibiotics and glutamine. The Expansion
Media (EM) was used to enhance growing during culturing and includeari8Muman fibroblast
growth factor (hFGF). The EM was used only on day 1 when culturing BACs and in every media
change for hES/Ps if the passage was higher than 11. Finally, a specialised media to promote
differentiation was prepared. This Supplementezti (SM): Osteochondral Media and Chondral
Media (OCM / CEM respectively) was distributed accordingable 1.
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Tablel. Media formulations and conditions for cell growing on primary and derived cells.

Cell line hES-MPs BACs
UMEM (Lonza) + 10% FBS + 2mNM DMEM (Sigma) + 10% FBS + 2mM
BM L-glutamine + 100 U/mL penicillin| L-glutamine + 100 U/mL penicillin +
+ 100 mg/mL streptomycin 100 mg/mL streptomycin
EM BM + 4 nM hFGF
OCM: CM:
SM BM + 5 mM bGP + BM + 1% NEAA + 1% HEPES +
2P +100 nM Dex 1.67% Glucose
Conditions 37°C and 410% CQ
Culturing . .
time 81 10 days 47 5 days

Y201 cell line used an alternative serfn@e media (SFM) from STEMACS which was supplemented
with its own supplement and antibiotics. The expansiond#fetentiation media used was identical
to the OCM.

2.2.10.4. Expansion, growing, culturing, and subculturing

Cell lines were expanded in T75 flasks. RE8 culturing requires a previous coating with gelatine
1%. EM is added to all flasks from day O.

Media change as performed on day 1 after thawing / subculturing and ev@rgays, except on
Y201 cells with a media change everp 4lays. Cells were subcultured / frozen / used when they

arrived at 80% confluency.

When cells were confluent, they were washed witblame of 3 ml of PBS. 3 ml of trypsin (Trypsin

EDTA) was added to each flask and incubated at standard conditions for 5 minutes. The flask was
then mechanically stimulated to enhance correct celitdehment, confirmed under the digital
microscope. 2:BM media volume was added to the flask and then transferred to a Universal tube to

be centrifuged at 1000 rpm for 5 minutes.

A small vial of 20ml was sampled for cell counting (Cell sample: Trypan Blue solution at 1:1) and
pelleted into a haemocytomet&/hen the cell tube was ready, the supernatant was removed in a

single move; the pellet was resuspended in the desired volume of media.
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If cells were required to be preserved, they were frozen under liquid nitrogE964E, in a similar
process as sublturing. After cells were centrifuged, they were suspended in Freezing Solution (FS),
90% FBS and 10% liquid DMSO. Cells were then pelleted into 1 ml cryovials, labelled, and placed

in a Mr Frosty at80°C overnight. The next day they were transferredhéonitrogen environment.

If cells were required to be thawed, they were warmed up for 20 seconds in a water bath and
immediately transferred to a calculated BM volume and a flask. Media chasgione on day 1 to
remove residual DMSO.

2.2.10.5. Seeding

After being coated, scaffolds were stored in a PBS solution. The night before seeding, they were
transferred to FBS and stored &C4Early morning, scaffolds were placed in a 24 well plate with a
FBS mirror layer on each well to prevent them from drying oatisGvere detached from the flasks

and centrifuged as previously described whilst a sample was used to count them. The pellet was then
resuspended in a known volume of media. All experiments followed the next concentration except
otherwise stated: 25,00@lts per side (if two sides seeded) or 50,000 cells per side (once seeded) and
20 ml of cell volume was pipetted on the surface of each scaffold. After seeding, cells lay for 1 hour
in-between seedings and afterwards, 1 ml of BM was added and storedriouth&tor. Resazurin
viability test was performed on day 1, 3, and then weekly. Media is changed €/day8 and post

Resazurin test washes.

2.2.10.6. Cell viability test:

2.2.10.6.1. Resazurin reduction assay

This protocol was developed on both 2D and 3D experiments deeded scaffolds and cells that

fell into wells). First, a Resazurin solution was prepared from filtered Resazurin stock (1% in
deionised water) at 10% with BM. Media was removed from the wells and 1 ml of the Resazurin
solution was added to each wéllates were covered with foil paper and incubated for at least 2 hours.
Subsequently, each well was sampled in triplet withrAD@nd placed into a 96 well plate, in a Aon
parallel pattern. Four control wells were included: Resazurin solution, medimsd¢®C-), seeded

cells in media (8C+), and scaffolds in PBS (S+CA Tecan Infinite F200 Pro plate reader was used
for reading fluorescence values from 54890 nm. Scaffolds and wells were washed with PBS three

times before media was added.
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2.2.10.6.2. MTT assay

A solution of 0.5 mg/ml of MTT in PBS was prepared in a controlled environment. Each well was
added with 1 ml of the solution and incubated for 40 minutes. In the meantime, acidified isopropanol
was prepared by adding 80l of 10M HCI to 10 ml of 9%% propar2-ol. MTT solution was
removed from the wells and gently washed with PBS; repeat this step another 2 times. 1 ml of
acidified isopropanol was added to each well. Subsequently, each well was sampled in triplet with
200ml and placed into a 96 wallate, in a nofparallel pattern. Absorbance was determined using a

plate reader at 562 nm and a reference of 630 nm.

2.2.10.7. Migration: histology and cryalissection
2.2.10.7.1. Cell fixation

The media was removed from the wells and a 3.7% formaldehyde solution was @addedrtthe

surface of each well (2D) or the scaffolds (3D); plates were left at room temperature #20n 15
minutes. Wells / scaffolds were washed in PBS 3 times for 5 minutes and the procedure was repeated
using a 0.1% v/v Triton X200/PBS solution. Scédk/wells were left in PBS in the fridge.

2.2.10.7.2. Cryo-dissection

Samples immersed in PBS were dried using tissue paper. The samples were placed in a plastic mould
in the desired orientation (direction of cut). Freezing media was added and bubbles were removed
using the vacuum chamber. Freezing media was solidified using liquid nitrogen and samples were
dismounted from moulds and kept inside of edyssector Leica Reichert Jung Cryocut Cryostat.
Slices or 810 mm were cut and arranged on labelled objective gkas$ samples were not to be
stained, microscope mounting media was used to stick coverslip to objective glass. Otherwise,

samples were left to dry before staining.

2.2.10.7.2.1H & E staining

Objectives were assembled in the staining dishes on the same orieffia¢ioack was immersed in

the following steps: 1) Distilled water for 1 minute, 2) Harris Haematoxylin solution for 1.5 minutes,

3) Running water for 4 minutes, 4) Eogihloxine solution for 5 minutes, 5) Dunk in tap water, 6)
Dunk in deionised water, 7)Ubk in 70% ethanol, 8) 100% ethanol for 30 seconds, 9) Dunk in xylene.
Objective glasses were dehydrated under the hood before being dismounted and covered with

microscope mounting media and coverslips as previously mentioned.
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Chapter Ill: Polycaprolact one

A successful biomaterial provides a stable platform for the regeneration dfsse®, whilst

encouraging the necessary biological mechanisms for this to happen. In this resides the importance

of tailoring the mater i alrédiswillpeinpastedt Thiechapterdass mi mi ¢
focused on the production (synthesis and functionalisation) of polycaprolactone (PCL) as a
biomaterial for osteochondral applications, specifically for the mineralised cartilage and trabecular

bone area. Additional| it discusses the construction of 3D scaffolds through ptmatsslinking

waterin-oil emulsions. Mechanical and chemical characterisation of PCLMA scaffolds is included,

as well as a thorough analysis on the effect of the several manufacturing vaniabéesmacro and

micro features of the resulting scaffold.

3.2.Introduction

Synthetic biomaterials like metals, ceramics, glass, hydrogels, and polymers are widely used for
biological applications. By synthesising them, chemical and physical promemide tailored to the
required detail. Human tissues and organs have macro, micro and nano conformations that can be
mimicked by these biomaterials. Within the wide range of possible features, ceramics, hydrogels, and
polymers have been the most promisisgecifically in relation to osteochondral applications; a solid
structure is required on the bone part, whilst a softer still structured layer can support cartilage

regeneration.

The synthesis of PCL has been extensively studied, as it is a compongmdaoction of
polyurethane$l11, 265] Among other organic chemistry procedures, this is an easy and practical
reaction, as well as being cost efficient. Additionally, it allows for the usetohisation techniques

like blending, functionalisation, and copolymerisat[@66]. The synthesis of PCL through a ring
opening reaction is compatible with the functionalisation of important biomolecules like
carbohydrates ahproteing267, 116]

Functionalisation of polymers can be achieved through diverse ways. The chemical family of

met hacryl ates was f i[166 Methagytads polyerisé déasily, toaferreng 1 8 8 006 s
beneficial features to their products or when added to other materials. The acquired chemical and
physical stability influences final mechanical properties and degradability. PCL prepolymer solution

has been methacrylated to difet degrees using methyl methacrylate. The addition of methyl

acrylates to available reactive end groups facilitates the creation of crosslinkable structures. These
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structures were designed using a wateoil (W/O) emulsion, which allowed the development

porous and interconnected scaffolds. W/O emulsions are tailored through internal and external
variables. Internal variables concern the nature of the ingredients used: polymer, solvents, surfactants,
photoinitiators, and the difference/similarity aagon each ot her 6s properties.
include mixing speed, phase densities and applied pressures and temperatures. The interconnected
relation among these factors influences the pore morphology, pore and window size, porosity, internal
phase voluméwhich ultimately affect the mechanical properties of the structure), and the cellular
response. According to the literature, the resulting 3D constructs can be categorised as HIPEs (more
than 74% internal phase volume), whose mechanical properties igablesifor hard tissue

applications (bone and cartilage).
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3.3.Aims and objectives

i) To synthesize prepolymer solutions of PCL useful for biomaterials applications.

ii) To methacrylate PCL prepolymer solution to degrees where their functionalisatpports

optimal mechanical properties for cartilage and bone applications.

iii) To create stable PCLMA emulsions with a defined porosity higher than 70%, phase internal
volume higher than 70% and pore sizes in ranges 681000 ¢ m.
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3.4.Materials and Mthods

Despite the main materials and methods being outlined in Section 2, the following were used in this

chapter.

3.4.1. Internal Phase Volume

To calculate the internal phase volume of porous materi@tssur | Source du renvoi
introuvable.Where the oil phase is made by the polymer solution, surfactant, and photoinitiator. The
water phase is made by the adsorbed deionised water. All values are in volume.

3.4.2. Gel Fraction

The determiation of the gel fraction was used to measure the level of crosslinking of the polymers.
For this, polymer solution was mixed with 5% w/w photoinitiator and photocured with UV light for
5 minutes on both sides. Samples were immersed in 10 ml of DCM advdissicrosslinked polymer.
Samples were then dried and vacuumed overnight. The weight was recorded atafid the next

morning (b . Gel fraction is calculated usitglow[109]:
L Ra M i % A 7. Eqg.1
p' AMOAAO I?—L I

3.4.3. Degree of openness (DOO)

When scaffolds are sliced or moulded, the fracture or tearing occur at the weakest areas around the

pore and not in the largest diameter. Therefore, a correction factor was used to account for this.

Measured pores were multiplied Jﬁy when dissected pasare sliced on random (d)stancegrom

their centre, their radiU®R) can be calculated from h rather than the hypothetical radius ), a5

[261]:
[
— 7 ——
3.4.4. Density
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The density of both the bulk polymer and HIPEs was calculated in triplet through the mass and
volume of the cylindrical scaffolds. The average dimensions of the constructs were 6 mm diameter

and 4 mm height.

3.4.5. Empirical porosity

The porosity of the HIPEs wacalculated througkg. 2 [262]:

s e S NEA®ODL O Eq.2
DnSISIQ@w—n,,, —, WP T TT d

Where” 1] ¢ & o '@8Qbe@ensity of the HIPE, afid) @& & t he density of the H
density of the HIPE was calculated uskbg. 3:

"M € a®000 0 ” wp —wO08 OO Q& Eq.3
Where” is the density of the bulk polymeg, is the internal phase volume, and the gel
fractions were calculated as explained in Sectio

using the density of the bulk polymer.

3.4.6. Pycnometry

Pycnometryis a norde st r ucti ve technique based on either
displacement (if liquidpr Boy | e 6 s -fressure @fftestimgostlidsmsgng helium gas). The

tests were used to determine the density of bulk polymers. Additionally, it was used to determine the
density of polyHIPEs and verify the porosity of the 3D scaffolds. Measurements were run on an
AccuPyc 1340 gas pycnometer (Micromeritics, GA, USA) at rammperature (1%) and a constant

pressure of 19 psi. The samples were firstly weighed by triplet and each sample was measured in a

cycle of 5runs and 5 purges in a £ahamber.

The total porosity of the materials studied'tP%) was calculated dise fraction of space accessible
to the gas (He) in the chamber, accordingdo4 [263]:

0 Tt H—d) Tt 2 Eq.4
p ©g p TP o)
Where
w = volume of unit cell accessible to He
Wg =volume of the unit cell
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Q density calculated from XRD data (room temperature)

Q density from He pychometry measurement (skeletal density)

3.4.7. Interconnectivity

The interconnectivity between pores was calculated from the average void diameter (pore size, D)
and the average itconnect diameter (window size, d), followig.5[109, 261]

Q 0 Q¢ Qi£0d Q Eq.5
O RElMaQ

3.4.8. Micro CT Imaging

A Zeiss XradiaVersa 530 (Pleasanton, CA, USA) was used to carry outrbigiution non
destructive imaging; this was achieved using a CCD (charge coupled device) detector system with
scintillatorcoupled visible light optics and a tungsten transmission target. Bitiak of the barnacle
region block were achieved with anrXy tube voltage of 7080kV, a tube current of 12025nA,

and an exposure time ofseconds. A total of 1601 projections were collected. A filter (LE4) was
used to filter out lower energy-kays, and an objective lens giving an optical magnification of 0.4
and 4x was selected with binning set to 2, producing an isotropic voxeldinmeasional (3D) pixel)

size of 2.02, 8.92 or 13.6in. The tomograms were reconstructed from 2D projectioimg u&iss
Microscopy commercial software package (XMReconstructor) and an automatically generated cone
beam reconstruction algorithm based on filtered faojection. The scout and zoom methodology
were used to create highsolution regions of interesRQIs) within the sutures. Samples were
scanned at the -Xay CT Facility at the University of Sheffield, UK. 3D volume information was
segmented and visualised in the specialised tomographic software Avizo (Thermo Fisher Scientific,
Hillsboro, USA).
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3.5.Results

3.5.1. Polycaprolactone

As mentioned above, polycaprolactone is a biocompatible and-dfipfoved material, currently
used for tissue ingrowth and drug delivery. Additionally, this polymer is commonly synthesised due
to its low melting point and low temgaure glass transition. PCL is a malleable product, soluble in

a variety of organic solvents and available for blenditg].

3.5.1.1.Synthesis and methacrylation

3-arm PCL can be purchased directly from Sigma Aldrich, On the other haneh RCL was firstly
synthesised through a r i n-capragstens (Mw:dgll4rlégnwil) and n ( ROP
pentaerythritol (Mw: 136.15 g/mol) in an equimolar relation e system was catalysed through

Tin (Il) 2- ethylhexanoate and the system was left to react under a nitrogen environment. The resulting
prepolymer solution was methacrylated as highlighted in the next paragraph. The resulting polymer

has its spectra ilstrated irFig. 17.

PCL prepolymers were methacrylated as explaine8éwtion 2Briefly, PCL triol (Mn: 900 g/mol)

was dissolved in dichloromethane (DCM). Triethylamine (TEA / Mw: 101 g/mol) and methacrylic
anhydride (MAA / Mw: 154 g/mol) were added in 1:1 molar ratio and the system was left in a nitrogen
environment for 20 hours teach a degree of methacrylation close to 50%. Reproducibility of the

batches is observable Fig. 16.

PCL was methacrylated for 10, 20 and 36 hamdthe resultant products were labelled as low (PCL
LM), 50% (PCL:50%) and high (PCIHM) methacrylation. PCL methacrylation was controlled
through the reacting OH groups of the polymer chain.

The:HNMR analysis on both 3 andatm PCL confirmed the cheoal composition of caprolactone

at peaks 1.4, 1.6, 2.3 and 4.1 ppm. The small peak at 1ppm denotes the presence of methyl protons of
the 3arm PCL (the centralOH group has 3 hydroxyl groups instead of 4, as th®# group is
substituted byCH.) [267].
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However, PCL (LM, 50% and HM) showed methylene groups adjacent to hydroxyl end groups
expressed in peak 3.6. When methacrylation took place, these peaks were reduced, and expressed in
peaks 1.9, 5.5 and 6.1 ppm; sueaks were only visible on methacrylated polyni8€.

25

20

15

10

, J ,J(J;Jll 1 JM

T 1 T T T T =T 1 T T
7 6 5 a4 3 2 [ppm]

Fig. 16. Spectra of n=3 batches ofé&8m PCLMA 50% DMPolycaprolactone peaks are found at 1.4, 1.6, 2.3

and 4.1 ppm. Methacrylic groups afi@und in 1.9, 5.5 and 6.1 ppm. The peak just before 1 ppm evidences its
3-arm structure. DM: degree of methacrylatidrhe two colours symbolise different batches.

[rel]

Messoriet al, proposed the following formula to verify the degree of methacrylaton, (by using
the area below the peaks 3.5 and 3.64 ppm, related to methylene groups adjacent to unreacted

hydroxyl groups, and methylene groups adjacent to nitrogen on reacted [@&&ips

(@] pr T Ea.©

FONETOY

According to this, the degrees of methacrylation were as shovabie2.

Table2. Theoretical and experimental degrees of methacrylation-Bon8PCLMA, 4arm PCL low
methacrylated (LM), 50% methacrylated, and higéthacrylated (HM).

Sample Theoreticalfu Experimentalfu
3 arm PCL 50% 50% 48.3%
4 arm PCL LM 20% 17.9%
4 arm PCL 50% 50% 48.8%
4 arm PCL HM 70% 72.0%
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Fig. 17. NMR spectra for PGIHM, PCL-50% DM, PCLLM andnonmethacrylated PCL (NM). Peaks
showing the chemical composition of polycaprolactone are on peaks 1.4, 1.6, 2.3 and 4.1 ppm, corresponding
to ac, whilst methacrylate groups can be observed on peaks 1.9, 5.5 and 6.1, illustratied as d

Resulting polymesolutions were characterised using GPC tests. The molecular weight, molecular
number, and polydispersity (PD) are reportetldble3, for 3 armPCL and 4 arm PCL low (LM) and
high methacrylated (HM).

Table3. Average molecular weights, average molecular numbers, and polydispersity values for 3 and 4 arm
PCLMA, obtained through GPC. NM: non methacrylated.

PCLMA Avg. Mw | Avg. Mn | PD
3arm PCL LM 2276 1759 1.29
3 arm PCL 50% 2272 1782 | 1.39
4 arm PCL NM 2 167 1616 1.34
4 arm PCL LM 3460 2 300 1.5

4 arm PCL 50% 2773 2210 1.25

As 4-arm PCLMA has shown advantages for the manufacturing process of HIR&Emsof the

stability of the emulsion and crosslinking capag¢it99], from this point on, only-4rm PCLMA in
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LM, 50% and HM has been used. Therefore, all PCLMA that has been referred to, corresponds to the

4-armcomposition.

3.5.1.1.1. Purity and reproducibility of chemical processes

Methacrylated polymer solutions were washed with an acid solution to remove impurities in the
organic phase. The residual solution was rotary evaporated to ease the extraction of DCM solvent. A
the presence of undesired volumes of solvent affect the stability and crosslinking of HIPES, the
solvent extraction of 4 arm PCL LM and 50% was tracked over batches. As it is shBignis,
batches of PCL took approximately 2 hours to become stable in mass and showl&batiggosity.

SOLVENT EVAPORATION ON LM & 50% PCLMA
60.00%
50.00%
40.00%
30.00%
20.00%
10.00%

0.00% ®

0 20 40 60 80 100 120 140
MINUTES

% MASS LOSS

—8—50% PCLMA —e—LM PCLMA

Fig. 18. Solvent extraction was tracked over time through the total mass of the LBO%qublymer solution
during the rotavaporation process.

Further solvent extraction was completed through methanol washes.

3.5.1.1.2. Mechanical properties of PCLMA scaffolds

For the following experiments, 4 arm PCLMA was chosen due to their high numhberctibnal
groups, which also impacted its crosslinking density. The functionalisation degrees of interest were

20 and 50% R and they are referred to as LM as@Pbfrom this section.

The mechanical properties of these materials were determined for $ulcB&sMA emulsions.
Compression and tensile strength (UTS) tests were performed under dry conditions, upioigosn

structures as contrdlable4.
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Table4. Mechanical properties of dry porous / bulk LM & 50% PCLMA materials.

. . e Compressive Strengtt
Conditions Material (MPa) (MPa)
Bulk 50% PCLMA | 5.643 5.091
Dry LM PCLMA 1.644 27.916
Porous 50% PCLMA | 0.014 0.633
LM PCLMA 0.013 0.569

3.5.1.2.High Internal Phase Emulsions
3.5.1.2.1. Emulsion Stability

Waterin-oil emulsions (W/O) were developed using 4 arm LM and 50% PCLMA solutions. The

stability of the emulsions was evaluated during and after mixing, according to the successful water

intake, and the absence of phenomena like coalescence, Ostwaildgipet phase inversion. The

volume of water intake, and the temperature of mixing was varied in combination, for both 50% and
LM PCLMA. Results shown ifrable5 evidence that the optimal temperature for LM PCLMA is at
37 C and either room temperature X5 C), or 37 C for 50% PCLMA. Additionally, the optimal

water intake is 3 ml for both polymer solutions.

Table5. Experiment developed to identify the optimal recipe for a stable PCL emulsion during and after
mixing. Variables changed were temperature (T) and water intake (ml). The success of the emulsions was
evaluated by the absence of division and phenomenagdanid after mixing. Stirring speed in rpm; solvent

Successful results are shown in greEotal mixing time was 10 minutes.

made by a chloroform: toluene 6:4 wt relation; all percentages are in relation to the polymer weight.

PCLMA
Reactive Conditions Divided during .
Resolution
Polymer Surfactant Solvent . P_hOtO Stirring T Water UV lamp (D.N.I) or after
(6C:4T) | initiator intake | treatment| mixing (AM)
LM PCLMA Troom 3ml - Pores too smal
LM PCLMA 37C | 3mil - Successful
LM PCLMA e Troom | 4ml é AM Too aqueous
LM PCLMA 3 § § S o 37C 4 ml ot AM Too aqueous
50% PCLMA | o = 1] 0 % Troom | 3 ml E - Successful
50% PCLMA 37C | 3mil Ty - Successful
50% PCLMA Troom 4 ml DM/AM Coalescence
50% PCLMA 37C | 4mil DM/AM Coalescence

3.5.1.2.1.1.The effect of temperature
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Emulsions created under room temperature conditions showed average big poresrah81285
SDand small pores of 18.2dn ° 2.73SD. On the contrary, as expected, emulsions mix&¥ aC
showed higher pore sizes, with big pores of 158%¥° 16.63SD and small pores of 32.28n °
5.52SD (Fig. 19).

Fig. 19. Digital microscope images on PCLMA polyHIPEs prepared a€C3A-B) and room temperature
(15 Ci C-D). Magnification of images is 4x for A and C, and 10x for B and D. Scale bars aranh00

3.5.1.2.1.2 Limits of water intake

The balance between the continuous and the water phase in an emulsion dictates the pore size,
impacting the wall thickness, hence the material stability. Volumes between 2 and 4 ml of water. Full
adsorption occurred at 2 and 2.5 ml. As the volume incretieediater did not mix with the emulsion,
causing water coalescence and phase inversion, as evidefig@in
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Fig. 20. Waterin-oil emulsions with 2, 3 and 5 ml of water as water phase. Full adsorbance can be observed
with 2 ml (water stained in blue to track its immersid®)ase inversion is observed when adding 3 ml of

water, and emulsion coalescence with 5 ml.

The summary of successful (stable photocurable scaffolds) is:

Surfactant | Solvent | Photo o Water| UV lamp
Polymer o Stirring T )
(Hypermer)| (6C:4T) | initiator intake | treatment
LM PCLMA | 0.4¢g 10% 150% 5% 350rpm | 37C | 3ml | 5min p/side
50% PCLMA | 0.4 g 10% 150% 5% 350 rpm | Trom | 3ml | 5 min p/side
50% PCLMA | 0.4 g 10% 150% 5% 350rpm | 37C | 3ml | 5min p/side

Disk-like scaffolds were produced, 4 mm in height and 6 mm wide using PDMS moulds. Bulk
scaffolds showed an increase in weight (but not in volume) between day 0 and day 1 (of around
3.65%), and a minimum shrinkage for the followingeks (Table 6). On the contrary, porous

scaffolds shrank between 15.58 and % between day 0 and 1, and a consecutive shrinkage that only

stabilised after three weeks. Scaffolds were submerged only in deionised water.

Table6. Shrinkage under normalqueous conditions on LM and 50% PCLMA

Polvmer solution DO-17 Shrinkage| DO-17 Shrinkage DO-17 Total D2-97 Total
y (Horizontal Axis) | (Vertical Axis) Volume Shrinkage| Volume Shrinkage
Bulk LM PCLMA NA NA 4.15% 10.87%
Porous LM PCLMA 4.45% 9.99% 15.58% 40.42%
Bulk 50% PCLMA NA NA 0.45% 3.41%
Porous 50% PCLMA 3.86% 3.52% 12.82% 5.94%

3.5.1.2.2Geometries of PCL HIPEs
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The structure of PCL HIPEs is illustratedHfiy. 21 where the size and geometry of the pores and
windows is observed at different magnifications. Images A and B evidence the spherical structure of
PCL for both windows and pores, and their connectivity across thedhmesmsional structuresig.

21 shows the distribution of such pore morphologies among pores and widows through the urface o
a PCL HIPE.

Fig. 21. A & B. SEM images of a 50% PCLMA PolyHIPE. The big openings are referred to as windo\
they have an average size of @8. Such windows are the entrance to other pores. C. Big voids have an
average size of 116m. Images were taken at high magnifications000x), at 10 KV.

A comparison between methacrylated PCL scaffoldshiswn inFig. 22. In the case of high
methacrylated scaffolds, the round HIPE structure is always visible, with big round windows
composed of small pores interconnected to each other. On the contrary, l@enylatd scaffolds

show a less homogeneous round structure, with bigger windows. The pore size keeps the same as the

high methacrylated scaffolds, but their interconnectivity appears higher.
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Fig. 22. (A,B) 50% PCLMA, with big windows (15 to &) containing small pores (2 tosém) . (C,D) LM
PCLMA showing big windows (132 to 22fh), less round but equally interconnected to small pores (30 to
57 nm). Images taken at Magnifications varying from 7@Q®00x, at 10 KV.

3.5.1.2.2. Internal Phase Volume

To understand how the manufacturing process impacts on the porosity and interconnectivity of the
constructs, it is important to calculate the space covered by the oil and the continuous (removed)
phase. The oil phasis formed by the polymer solution, the surfactant, solvents, and the
photoiniatiator. For the following calculations, the solvent values are removed as they leave the
emulsion during its formation. Finally, the densities reportexhiie7 have been considered.

Table7. Densities of water and oil phase involved in PCLMA HIPE emulsions. *Chloroform and toluene

solvents are not considered for the calculation of the internal phase as they leave the emulsion through its
formation and are washed away during the washing m®ece

Reactive Density (g/mol) | Weight (g) Volume (ml)
Hypermer Surfactant| 0.94 0.04 0.0376
Polymer solution 1.1 0.4 0.44
Toluene* 0.866 (0.4)*(0.6) 0.2078
Chloroform* 1.128 (0.6)*(0.6) 0.4061
Photoinitiator 1.12 0.150 0.168
Total 0.6456 ml
Therefore, the internal phase volume of the HIPEs is 82.29%:
0o {I Q oga a
‘08 0 QN@D @ - L SPTMTMYR wh
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For a porous structure to be considered a HIPE, an internal phase volume sif &% required.

The PCLMA emulsions fit this criteria and therefore can be referred to as polyHIPEs.

3.5.1.2.3. Degree of Openness

The intenal phase volume is associated with the degree of openness (DOO) as the latter describes
the total surface of the cavities, which is crudely equal to the total diameter of the internal phase
droplet(Fig. 23). To calculate this, a total of 100 random pores (not windows) were measured using
ImageJ and the average measurement was multiplied by the statistical correction factor. The DOO
was found to be 0.3274 for 50% PCLMA and 0.1196 for LM PCLMA.

Fig. 23. The DOO of a cavity describes the degree in which the surface of a cavity (pore or windaem) i&

structural diagram of the cavities in PCLMA scaffolds is observed on tH28ef and its application to SE}

imaging on such scaffolds, on the right. Left diagram is obtained with permissior{286inand SEM image
are product of this research. Magnification are 1000x and 6800x respectively.

3.5.1.2.4. Density andPorosity of PCL HIPEs

The DOO is directly related to the porosity as they both focus on the hollow part of the scaffold, being
the DOO the internal surface area of the cavities, and the porosity, the volume that this area occupies.

The density of bulk PQUA was calculated by weighing and measuring polymer solution, to be

1.0915—. The density of PCLMA polyHIPEs was calculated both theoretically and experimentally.

Theoretically it was calculated through the formula before, where the gel fractid®vvid$s. The
polyHIPE density is then 0.1875—.
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The experimental density of the polyHIPE was obtained using a pycnometer and was reported to be

1.2718— for 50% PCLMA and 1.3416— for LM PCLMA. The difference between the theoretical

and he experimental densities can be due to the heterogenicity of the manufacturing process, and a

possible partial collapse due to drying scaff¢Ri2)].

The theoretical porosity of the PCLMA emulsion was calculated through the emguoishndEq.
3. The density of the wall was calculated using the polymer solution, the surfactant and the

photoinitiator; it was calculated as 1.0945. Therefore, the theoretical porosity of LH and 50%

polyHIPE is 82.82%The total porosity of the materials studi@, %) was calculated throudfg.
4as 0.7121—.

3.5.1.2.5. Interconnectivity of PCL HIPEs

Finally, the interconnectivity of the scaffolds can be determined by either the relation between the
windows and pore sizes (as showrEmn5), that is the relation between the cavity surface and open
surface area. The interconnectivity of PCL polyHIPEs was reported to be 27.5% for 50% PCLMA
and 24.1% for LM PCLMA.

3.5.1.3.Micro Computed Tomography for the study of polyHIPEs

Some of the main challenges of stiy3D constructs are: i) calculations are based in theoretical
approaches or, ii) imaging and/or analysis is performed in altmensional plane. In both cases, it

is difficult to visualise the thredimensional structure of the polyHIPES, and it cary el speculated

that the overall volume will behave and look the same as what we are observing at a given time or

plane.

On this matter, micro computed tomographyQT) has been used as a ra@structive technique to
characterise and quantitatively arsdy the pore and window structure, distribution, and

interconnectionf273].

Initial polyHIPE scaffolds were scanned whilst being submerged in an aqueous solution. This was
done to reduce the risk of shrinkage observed when drying scaffolds. However, the liquid (deionised
water) surrounding the scaffold proved to be an obstacléhosuccessful reconstruction of the
constructs, as it added noise. Bubbles of water can be observed around the scanned polyigIPE

24.
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To correct this, dry PCLMA (LM and 50%) polyHIPE scaffolds were scanned and reconstructed as

mentioned irSection 3.3.8The resulting digital structures were preged using Avizo software and

rendered in two and three dimensions, as observid.ia5 andFig. 26.

Fig. 24. This polyHIPE scaffold was scanned whilst submerged in an aqueous solution. The bub
around the grey solid constrund high lightened in red)bstruct the correct reconstruction of the
porous material. Top and bottonemporous structures are pieces of metallic foil used to delimit tht

The scaffolds submerged in a povidéadide (PVRI ; Si gma Al drich) soluti on
effective with inert materials as the PQHIPEs. This could have been caused by the low
concentration of titratable iodine in the solution; the solution was prepared by mixing 10%-bf PVP

which originally contains only 1% of iodine. However, the experiment did not show any significant
difference.

Due to the difference in densities between the solid and vacant areas in the scaffold, it was possible
to examine the segment between the empty spaces around the scaffold. A thresholding technique was
used to identify the pores and windows within the feddf and to label themF(g. 27).

Interconnectivity between most pores can be observeabie8 for LM and 50% PCLMA.
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Pores were identified using the thresholding technique. As the interconnectivity between pores was
already proven to be &ent, the technique was also used in a more rigorous manner to identify pores

in a single manner, being able to quantify their diameter and speculative volume.

Fig. 28 are histology diagrams on the pore distribution in terms of diameter and volume for both LM
and 50% PCLMA. The range in pore diameters is between 15 anth 76r LM PCLMA (with a

peak on pores 130 mm ), and between 15 and 56t for 50% PCLMA (with a peak on pores-15
40nm and at 150m). Pore volumes were more frequent 1,000 and 5y000for both LM and 50%
PCLMA, with an extra peak for the 50% PCLMA baggpores at 50,000 to 250,000 .

Fig. 25. Reproduction of LM PCLMA polyHIPE scaffolds scanned thron@T, on yz (A), xz (B) and xy (C) plan
Scale bars are Imm.
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Fig. 26. Reproduction of 50% PCLMA polyHIPE scaffolds scanned thraeGf, on yz (A), xz (B) and xy (C) plar
Scale bars are 1mm.

500 pm 500 pm

Fig. 27. Thresholding technique on 2D from the reconstructed scan of a LM PCLMA scaffold. A. The bl
shows the area occupied by the denser material, this is, the polymer; grey areas show the cavities (p
Blue areas denote the polymer construct; klaceas show pores and interestingly, some changes in de|
created by the windows within each pore, evidencing interconnection between pores. Scale bargmre




Table8. Thresholding strategies to identify pores and windatisin the scaffolds starts on the correct
segmentation of areas. An independent labelling technique was developed on the 3D reconstruction, where
only 6 neighbouring points were considered for por

Thresholding

PCLMA 2D 3D

LM
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50%
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Fig. 28. Histograms showing the pore volume and diameter against its frequency for the LM and 50%
PCLMA . Error bars are included.

50% PCLMA curiously showed more interconnection in the central areas of the scaffold. At the
bottom and edges of the scaffold, more isolated pores were identified, which were geometrically
spherical but in less communication tdjacent pores, as illustrated ifig. 29. This is in good
correspondence with the pycnometer density results that a small percentage of pares are

interconnected.

The limits of the thresholding and labelling analysis are dictated by a machine and a human
component. The scanning parameters like voxel sizayXower, exposure time, among others are

set up after initial trials and have an ovemapact on the final resolution of the scan. Additionally,

the researcher uses the analysis software (e.g., Amira, Avizo) to manipulate the parameters that
analyse pore edge, interconnection and separation between phases using the visualizatioretools in th
software. The software then takes these parameters and analyses the whole structure (2D and 3D)
accordingly, reporting then pore diameters, pore volumes, sphericity, neighbouring (interconnection),
among othersnlthe measurement of pore diameters asidraes a normal distribution of values was
expected. However, peaks in number of pores were noted at 11.07, 13.95, 16.0, 17.6, 19.0 and 20.2
m , with no pore diameters registered between such values. However, a homogeneous distribution
between pores was sérved on values higher than 26i28This can be explained by the
abovementioned Alimitsdo i mposed by the user and
the scans, making it difficult to measure below certain values (like the voxel sizegotildsalso be
observed in pore volumes, with peaks’808.8 1419.5 2129.2 2839 3548.7 4258.4and 4968.2
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m 8The same hypothesis can be drawn here. Finally, the same peaks were observed on both PCL
LM and 50%, which shows that: i) the hypothesis ds$aii) and that the user method is somewhat
reproducible as what is consider a standard for pore limit and similar parameters was the same in both
analysis.

Fig. 29. Highlights of the isolation of pores in 50% PCLMA on ¢kges of the scaffol§ome of this pores
have been highlighted in red squarBsrk grey colour represents the background.

500 pm
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3.6.Discussion

3.6.1. Synthesis and methacrylation

The work developed in this chapter primarily aimed to synthesmsepmlymer solution that could

be functionalised into a variety of solutions useful for emulsion templating and ultimately generate
3D structures with a pore size, morphology, and interconnectivity useful to soft anbasdrtissue
engineering. To achievthis, 3 and 4arm PCL were synthesised and methacrylated to several
degrees. Afterwards, they were characterised to determine the most practical material to work with,
as well as the one that could be tailored to aforementioned features. Emulsiooseaters, imaged

and mechanically tested to understand their behaviour in-ld@dyconditions. Finally, a more
thorough study on the emulsion crosslinking and its homogeneity was performed usingicro

scanning.

In its natural form, the chemical struatuof polycaprolactone contains a hydroxyl (G#hd group

This OH group can be further functionalised via (meth)acrylation and used as a precursor for free
radi cal p ol y me-caprslactorie ois .mixedVlwighn pentderythritol (tedf or
Tris(hydroxymethyl)propane (triol) in the appropriate ratios of smalardh or 3arm PCL
prepolymers can be synthesised via an addition reaction. As discussed by Lang et arnmmaditi

PCL presents an opportunity to use these materials as building blocks for potherers via
functionalising the endroups by (meth)acrylation and then further polymerisdfiéii]. Therefore,

the amount of free hydroxyl groups is high enough to promote a high yield methacrylation via
methacrylic anhydde (MA), to develop photaand thermeresponsive polymers, as shown for PCL
[109] and other polymers, in particular natural polym§gtg1l, 90] Three different levels of

methacrylation (amount of nenee OH ends) were obtained for PCL.

Both the PCL synthesis and methacrylation are reported to be reproducible processes. This is in
particular relevant since ppolymeric fragments with a high level of methacrylation el high

yield in photoinitiation and thus rapid curing. It was observed that theglyener synthesis was
completed under the current reaction conditions and resulted in a composition that was dictated by
the molar ratios of the reactants, while thelmaetylation, even with & to 8 excess of methacrylate

to prepolymer did not complete in 36 hours.

However, by keeping a strict control on the addition of reactants and the extraction of
solvents/reaction residues, a reproducible process was achievaitiodally, the NMR spectra
reported for 3arm and 4arm PCL corresponds to the one reported in literdfud®, 265, 266]0n
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the same line, the projected and calculatgd 3 wer e wi t talerrot fhb&e2) asthe@ er i me
variation falls into the 2.6% for the 50%aBm PCLMA, and both LM and 50%a&m PCL. The
difference between the predictecetimacrylation and the calculated was less than 2.5%. After
methacrylation, the polymers are washed, and the remaining solvent is extracted. This last process
has also been explored in detail to ensure reproducibility; most solvent is extracted aften®.5 h
Overall, from our set of experiments we can confirm that thepphgmer production and
methacrylation processes provided excellent control over the manufacturing cbaR€d

photocurable resins with tuneable properties.

The molecular weight distsutions and dispersion of the produced polymers was also measured to
assess the quality of the gpelymer. As expected, methacrylation increased the molecular weight of
the polymer and higher degrees of methacrylation recorded a proportional incrbagie weight

and number average molecular weight. Additionallyardh PCL showed significantly higher
molecular weights than-8&m PCL, due to the longer chain lengths and the higher amount of
branching in the 4rm PCL. The dispersity values denoted thm laetween the weight average to
number average molecular weight. In practical terms, it explains theumfmummity of the
distribution of polymer chains in the polymer solution. Reported values range between 1.25 and 1.5,
which is in line with expectatns for a step growth polymerisation process. These results were
congruent with literature, where PCLMA has reported a molecular weight of 3581 g/mol and PD of
1.33[109].

The mechanical properties of the native cartilage have been reported as 1.2 MPa for tensile stress,
and 0.15 MPa for compressive stress, given that the articular surface in the human knee can
experience peak loads ofil®2 MPa[268]. The mechanical properties of bulk LM and 50% PCLMA

are higher than those reported for the native cartilage tissue by a factor of 4, however, those from the
porous scaffolds are below the range for a magnitude of 10 and above the range for thesoampre
stress. The low values on tensile strength can be associated with the fragility of the dogbone moulds
used for testing, which also do not resemble the design that the scaffolds would have if implanted in

the human body.

3.6.2. PCL HIPEs

The dimension oftte scaffolds was selected based on the microfracturing technique, where plugs of

2-3 cn? are implanted within the osteochondral tissue of joints, specifically the knee. Allograft
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transplant from 8 cn?. ACI up to 10 cri[269]. Arthrex is a common singlese OATS as it is
versatile as it allows for a graft harvest of 6, 8 and 10 mm, and a thickness of up to[2@0Hhm
Equally, commercial scaffolds like Trufitoffer a range of scaffolds with dianees from 511 mm

and 18 mm tall[271]. Similar researchers using PCL 3D printed scaffolds have used similar
dimensions for their OC constru¢64]. This projects has developed PCLMAnNstructs with

mm diameter and 5 mm height{D cn¥).

The ideal pore size and morphology, porosity and interconnectivity of PCL HIPEs can be tailored by
the emulsion conditions and the components uBerk size is impacted by parameters like irgtkern
shear forces, phase densities and overall emulsification viscosity. Pore morphology is impacted by
the pore sizepore packingand the polymerisation conditions.

Waterin-oil (W/O) emulsions from both LM and 50% were developed through emulsion tergplatin
Emulsions are considered reversible, which can cause them to be somewhat unstable (they lack
thermodynamic equilibrium). As shown in the results, the drop size of the dispersed (water) phase,
the spatial distribution of the phases and the emulsificdsitiming) and curing conditions, impact

structural and mechanical properties of the cured scaffold.

From a broad variety of combinations, it was found that LM PCLMA created optimal scaffolds at
high temperatures (3€) and lower volumes of water. Emulsidroplet (therefore cell diameter) has

an inverse relation with the stability of the emuldj@dn2]. At 37 C, the emulsion can become more
unstable but also allowing all components, and mainly the surfactant, to dissolyéetetyn
Additionally, as the water intake is controlled, the size of the droplets can be maximised, as desired
for PCL scaffolds. Experiments developed ®action 3.4.1.2.1.1and 3.4.1.2.1.2.evidence such

effects on pore sizes and general emulsionlgtabi

For 50% PCLMA, stable emulsions could be created with 3 ml of water and low or high temperatures.
The difference between LM and 50% ideal conditions relies on the relation between their viscosities
and the viscosity of the aqueous phase. An optinsabsity leads to higher emulsion stability but

also to a higher kinetic barrier to emulsion phenomena, such as coalescence. However, higher
viscosities can also limit the addition of the droplet phase, as observed on coalescent emulsions
resulting from tle adsorption of 4 ml of water. Further work on the increase of the pore sizes can be

achieved by using high temperatures.
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After the emulsions have been exposed to the UV lamp, most of the crosslinking has been completed
as they are photocurable, with omlyonsignificant postcuring crosslinking. The scaffolds are then
immersed into methanol and water solutions to removecnusslinked polymer, solvent and
photoinitiator residues, evidenced by the tditl of the methanol solution after washes. Additity,

the monomer can present a shrinkage due to the s
changes between washing solutions. Bulk scaffolds did not show a significant shrinkage for 9 days
but did increase their weight on day 1 by 10.8a@% 3.41% on LM and 50% PCLMA respectively.

This can be explained by the absorbance of water due to tHinatised crosslinking process (the
gelation fraction is lower than 100%). Porous scaffolds showed an initial shrinkage of 15.58 and
32.33% for LMand 50% PCLMA but then stabilised on the following days (day 2 to day 9) and
decreased on the following weeks. As it will be explained below, LM PLCMA is associated with
higher porosities, therefore it is logical for their shrinkage to be higher.

This does not affect the pore morphology or the size as the measurements are developed on already
washed emulsion®fikici et.al. has reported a shrinkage of-26% on her PCL scaffolds, similar to
the obtained results. Although it has been reported timtan be minimised by freeze drying and

using low surface tension washing solvents.

Pore morphologies are observed to be round and widely interconnected; as reported by diverse PCL
works[108, 273, 146]Additionally, the internal morphology of the HIPE is kept at the glass/polymer
boundary which is attractive for future cell work as cells have reported to profit from-likand
surfaceg274]. The difference in pore morphology between LM and 50% PCLMA is observed where
LM has bigger pores and smaller windows (average sizes of 209me)2Bat were created both in

the surface area of the pore and in the intersection between the poresditaiesnLM emulsions

are less stable than 50% emulsions and are hence more likely to coalesce.

50% PCLMA scaffolds have de$ined wobndewsi {Avéenae
132 vs 30mm). Such variations can be due to the viscosity of tignper and its contrast with the

droplet phase, impacting the emulsification process.

The internal phase volume of 50% PCLMA was defined as 82.29% and did not consider the solvent
nor the photoinitiator volumes, the solvent will evaporate after photaruand the remnant
photoinitiator after photocuring will be removed during the washing steps. This high internal phase
volume HIPEs have been previously reporte®iiyci et al.in her 4arm PCL particulatéree HIPES

[109, 184] and are most common on partiskabilised emulsions (Pickering emulsions) as they
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prevent the emulsions from inverting phases as the internal phase in§2&a4eBy keeping high
internal phase volumes, the Wi@terface surface increases, and the polymer layers between
windows thin[154]. An increase in the packing of water droplet layers lead to an increase in the pore
(interconnects) as well. These interconnects are formed dinénguring process, when the cross
linking increases the density of the oil phase. Because of the density increase, the thin polymer films
around the droplets rupture and form interconn&6]. The internal phase is closelgked to the

degree of openness as it describes the internal surface of the pores. Similarly, the type (HLB number)
and volume of surfactant have a role on the DOO. The reported vadlaeQ&%for PCL-LM and

32.78% for 50% DM. The literature has reportedlues between 2.8 and 11.7% for HIPEs created
with 10% of surfactant wt%277, 278] And values between 6 and 15% were reported by a previous
research group working with EHA HIPEA79].

This of course supposes that both the pores and the interconnecting windows are primarily circular

[280]. The surfactant plays an important role here as at higher amounts of surfactants, the layer oil
between the droplets tsrto the point where droplets touch each other, leading to bigger and/or more
often openings in the cell wall after curing (th
Additionally, the volume of water adsorbed by the emulsion is highlynilee on the ability to

stabilise the water droplets in the oil phase. Larger water droplets present a lowaihimtenfacial

area for the same volume than smaller droplets. This will result in a lower interfacial energy for the

same volume, which maea larger droplets indicate a less stable emulsion.

There is a direct relation between the DOO and the porosity of HIPEs as the DOO refers to the internal
surface area of the cavities, whilst the porosity represents the volume that such areas occupy. The
theoretical and experimental porosities were determined and found to be different from each other
(17 vs 80%). This was associated with the partial collapse of the scaffolds during measurements with
the pycnometer. As reported in tissue engineering, g@esibove 50% retained their mechanical
strength during tensile and compressive tests, whilst still providing an adequate porosity that enabled
cell and molecule migration for soft tissue engineering applicafg¥], and eva vascularisation

of the neo tissues, in HIPEs for bone applicat{@@8)].

The interconnectivity of the scaffolds was found to be 24.1 and 27.5% for LM and 50% PCLMA.
There are a few theories in the literature that talk atbeuorigin of the interconnects (or windows).
One theory, proposed by Silversteinds group, e X

as the monomer contracts through the transition process from a liquid to a solid phase (polymerisation)
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[281]. As the region between droplets is the thinnest, the contraction process leads to the opening of

new windows. An alternative theory proposed by the Bismarck group highlights that windows are

actually created by a mechanical effect during the post progessnditions (washing or drying)

[282]. Photacrosslinked scaffolds imaged under SEM reported interconnectivity that was not
significantly different from washed (single solvent) and unwashed scaffolds, which leans to
supporthn g Si |l ver steinds theory. -golahtiwashiognda kebuitin cont i r

the shrinkage of scaffolds, which would not result in an increment of interconnectivity.

As previously stated, most calculations on porosities, pore size, mogghaled interconnectivity

are developed on 2D images of the HIPEs and complemented by equations with correction factors
that aim to approximate calculated values to the real ones. Such techniques (e.g., SEM microscopy)
usually require the material to beiett which leads to a partial shrinkage of the construct and a
modification on the initial pore morphology and distribution. Nlovasive techniques like micitGT
scanning allow materials to be analysed whilst preserving their int¢g&8; 284] Initially, the
scaffolds were scanned whilst submerged in an aqueous solution. As the accuracy on the identification
of pores and grains is based on the differences in densities between the bulk material (polymer) and
the voids (pores and windows), a different approach was needed. lodine is commonly used to scan
biological material to create more contrast between the solid and the liquid matter. A study on the
porescale analysis in sandstone recommended the use of sodinm bwitie (with minimum, of 6%

iodine) to increase the-nay contrast to a significant levil85], however the experiment did not

prove effective to differentiate both phases (polyHIPE and iodine aqueous solution).

Finally, patially dried scaffolds were scanned, and the results have shown the most accurate
representation on the pore geometry, size, and distribution on such porous constructs. Even though
the study of biomaterials with computed tomography has been previoushye284, 283, 286]

to our knowledge, no literature includes the study of polyHIPEs with this technique.

A thresholding technique was used to identify the pores within the scaffold and to enable their

labelling and analysis in both the qualitative and quantitative way. This process might be biassed , as
the limits between thresholding (edges within pores and appearance of windows) can be varied
dependi ng on driterchiand prefaremde. Hovaereto idtreduce reproducibility within

these the experiments, all tomographies were measured with the same thresholding values,
determined by matching the porosity to independent measurements (picnometry ancBMily,

the selection of neighbourbds, that is, the number or connecting points to adjacent voxels, was kept
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to 6 as it was considered that interconnectivity between pores could happen if at least these voxels
were connected to other pores. The scans were performed at 7.82 voxel sifmghiewas assumed

that i f an Aempty voxel o was identified, it coul

It has been previously highlighted that porosity value estimated Gy measurements are generally
lower than the ones calculated with density messents, which is caused by the variation in the
resolution of the computed scan, and the voxel [g8&]; smaller voxel sizes increase resolution
which facilitates segmentation, although it increases the reconstruction ritheaa show not

significant change if data is not noise ff@88]. A few isolated pores were identified at the bottom

of the scaffolds and did not seem to be interconnected with any other pores.

Finally, pore diameters and igovolumes were analysed using the thresholding tool. With most pores

bet ween 15 and 35 e€m for both LM and 50% PCLMA,
high methacrylated emulsions varied significantly. The pore median was kept around &Q00

whilst LM PCLMA reported few big pores with volumes at 2 000, 3 000 and 50 G08This

coincides with what is reported in the literature for HET9, 109, 273and cePCL [272] HIPE

structures. Other polymer HIPE structures have reported smaller pore sizes between 2 and 20

similar to the ones found in 50% PCLMA.

PCL porous structures have been manufactured through a variety of techniques, mainly to produce
larger poe diameters. This is because such structures are intended for biological purposes where
diverse cell lines (with a wunit size of at | east

such spaces. The relevance of pore diameter will be reviewetiawing chapters.

Some of such technigues include stereolithography, partigoddyener leaching, 3Bprinting,
foaming with supercritical carbon dioxide, and freeze drying, where average pore sizes have been
reported around 465 &[289], 378435 @&[290], 323" @[291], 180360° &[292], and 100 a

[293] respectively.

Emulsion templating oPCLMA is indeed a promising fabrication route for 3D constructs with

interconnected pore sizes and morphologies that are attractive to tissue engineering applications, as

it offers a balance between robustness and tunability.
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3.7.Summary

This chapter inially focused on the synthesis of methacrylated polycaprolactone and its
characterisation. Subsequently, it described the optimisation procedures for the manufacture of 3D

structures through emulsion templating.

LM and 50% PCLMA polymer solutions were sessfully synthesised, and the process proved
reproducible. The produced materials were characterised, and their chemical and mechanical
properties were explored. The polymer solution was pbaisslinked via addition of photoinitiator

and the exposure tdV light.

Emulsions are unstable and hydrophobic by ndf94]. However, by the right mixture of parameters,
PCLMA polyHIPEs were successfully manufactured through W/O emulsions. The determining
parameters in HIPEBtability were the volume of water addition and the mixing speed. Both PCL LM
and 50% worked better when the volume of water was the lowest and at low rpms. The HIPE porosity
and interconnectivity agrees with what has been reported in the literaturéu@yefssuch features

was achieved partially through physical characterisation and corroborated through micro computed
tomography which allowed a deeper analysis on the 3D features of the construct.

PCL polyHIPEs could have advantageous properties a® t&stgineering scaffolds since they can

combine a fully highly interconnected porosity structure, a low bulk density, a high permeability,

and a large surface area with moduli similar to those of soft j296¢
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Chapter IV : Poly(glycerol) sebacate synthesis and structuring

4.1. Introduction

Poly(glycerol) sebacate (PGS) is a tough and flexible elastomer, which is the result of an equimolar
condensation reaction between glycerol and sebacic acid. This same mechanism enabhiothe ¢

of important biomolecules like carbohydrates and proteins in nature. PGS was first proposed as a
biodegradable and biocompatible elastoméiMang et alin 2002, with mechanical properties higher

than most hydrogels but lower than other biodedrdagolymers e.g., polycaprolactone or
polylactide[296].

PGS is an emerging biomaterial and the body of research has grown in the last two decades as a
promising biomaterial for soft tissue engineering due to its easkemdibg with both natural and
synthetic polymerg297], and its quick degradabilitjfl19]. Additionally, it has an inexpensive
manufacturing process, and both glycerol and sebacic acid haveg@ened by the US Food and

Drug Administration (FDA) as a safe material for medical application, although the polymer has not
been FDA approved.

The PGS backbone is formed by a random coil network with hydroxyl groups that enables PGS to be
further functonalised. PGS has undergone such modifications through acrylg@t8j and
methacrylation[119, 299, 30Q] making it photocurable. Some research groups have also tried to
photo,thermo and double cure PGS to create a tough structure that offers controlled swelling/de

swelling, and a tailored biodegradabilj800].

PGS has been used to produce both bulk and porous materials through diverse techniques, including
electrospinning127, 128] 3D printing[129] and salt leachin@l30, 131] For examplgPashneh

Tala et. al. manufactured 3D structures from methacrylated PGS with two levels of ponasity (

and micro) through -photon polymerisation, providing robustness to the product as well as being

attractive to bdlogical environments.
Up to now, there is no published work that concerns both emulsion templating and PGS. Therefore,

this chapter explores the feasibility of producing PGS polyHIPEs as potential 3D structures for soft

tissue engineering, specificallgrfcartilage applications.
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4.2. Aims and objectives

The aim of this chapter is to synthesise a photocurable PGS solution that can be used for the
manufacture of PGS polyHIPEs with tailored meand micrestructures of potential interest to

cartilage tissue elirgeering. For such, the following steps are required:

i) Synthesis and methacrylation of poly(glycerol) sebacate, including its chemical and
mechanical properties.

i) Developing PGS polyHIPEs using toluene as a reference solvent.

i) Optimising the emulsification fonula and process.

iv) Optimising washing and drying methodologies for the better study of HIPEs.

V) Analysing the PGS HIPE morphology using digital imaging and scanning.
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4.3. Materials and Methods

Main materials and methods have been outlined in Section 2; spewfitodologies for both

polycaprolactone and poly(glycerol) sebacate are contained in Section 3.3 of Chapter 3.

4.4. Results

4.4.1. Synthesis and methacrylation

Briefly, PGS was synthesised using equimolar volumes of glycerol (92:0%nd sebacic acid

(202.25—), under a nitrogen system for 24 hours. The nitrogen facilitateseaated molecules to

leave and enhances the condensation reaction. The prepolymer was then vacuumed for another 24
hours to remove the water4pyoduct from the condensation réan. PGS prepolymer solution uses

DCM as a solvent and is methacrylated by the addition of methacrylic groups from MAA)54

the degree of methacrylation is controlled through stoichiometry.

The free hydroxyl groups of the prepolynsetution weremethacrylated to the desired ratio as it was
assumed that two thirds of the hydroxyl groups present in the glycerol reacted with the sebacic acid,
leaving one group free. According to this, 3.9 mmol of hydroxyl groups per gram of PGS prepolym
solution are available for methacrylatifil9]. PGS was methacrylated at 30%, 50% and 80% and
labelled as PGSA80%, PGSM50% and PGSMB0% respectively. MeHQ was used to control the
postcrosslinking effects and it was add#fing the methacrylation reaction, and right after stopping

the reaction.

The PGS NMR H+ spectr#ify. 30) evidence peaks related to the chemicahposition of glycerol

at 3.7, 4.2 and 5.2 ppm, and of sebacic acid at 1.2, 1.6 and 2.3 ppm, as reported by S-TRkshneh
[121]. The result of the incorporation of methacrylate groups (methacrylation) can be observed on
peaks 1.9, 5.6 and 6.2 ppm, also confirmed by Singh et al [11]. Methacrylation peaks increase as the
methacrylation degree increases. The peak located in 7.3 ppm is associatedst¢chibD@form),

the solvent used to test the samples. The molecular ivefgaGSM 30%, 50% and 80% were

determined by GPC analysis, as showmahle9.
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Fig. 30. PGSM NMR for nomethacrylated PGS and 30%, 50% and 80% PGSM. Peaks at 3.7, 4.2 and 5.2
ppm were compared to the chemical composition of glycerol, showo;asd 1.2, 1.6 and 2.3 ppm for sebacic
acid, as df. Methacrylated groups on peaks 1.9, 5.6 and 6.2 ppm werdddled gj. Possible residues of
DCM solvent and water are also shown in c.

Resulting polymer solutions were characterised using GPC chromatography. The molecular weight,
molecular number, and polydispersity (PD) are reported in the table below, foretbacnylated,

50% and 80% methacrylated PG@ble9).

Table9. GPC results for nomethacrylated PGS, 50% and 8@fégree of methacrylation. Results show the
average molecular weight, the average molecular number, and the polydispersity.

Sample Avg. My Avg. Mn PD

PGS 1637 769 2.12
PGSM 50% DM 7394 2200 3.36
PGSM 80% DM 2065 1238 1.66
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Molecular weights for PG&re in the range of what has been reported in literg&@0 + 4300
17,340 g/mol + 76302]. The three different formulation were prepared from 3 different batches of
PGS, although the 80% PGSM is similar ip, ks the ummethacrylated PGS the 50% PGSM has
clearly as higher Mand PD compared to the other two formulations. High values,ofvite also
reported byPashnekTala between 5,42@/mol + 430 and 17,349/mol £ 760 for reaction lengths
between 48 and 72 hoyaur process is 24 hourd)ispersity values for PGS are also consistent with
literature, as they range between 2 and 5, as repori&thbg et ain his photethermal functionalised

PGS using 2socyanatoethyl methacrylaf#21].

4.4.1.1. The effect of solvent residues

As observed in the NMR spectra, an increased peak in 5.3 ppig. 8ais result of sporadic solvent

and water residues in the polymer solufiad3].

To better control the synthesis and manufacturing of emulsions, a study on PGSM 50% and 80%
batches was funer investigated. To remove the residual unknown volume of DCM, syringes with
open lids were vacuum for intervals of 30 to 60 minutes and their weight was tracked over time.
According to norpublished studies by Samand Pashiiell and Jonathan Field, wihéhe weight

change is less than 1% most of the DCM has been extracted (and only small portions of water are
left). This has an effect in the reproducibility of the synthesis process and could have a later effect in
emulsion stability Differences betweenolvent evaporation can be observedrim 31 for various

batches of PGSM run over the years, for both PE&BRb and 80%. Even though both polymer
methacrylations have different time frames to arrive at optimal conditions, the observed pattern is
similar.

SOLVENT EVAPORATION IN PGSM

Feb20 PGSM 50% Feb20 PGSM 80% Jul20 PGSM 50%
—&— Aug20 PGSM 50%  —@— Sep20 PGSM 50%

25%
20% T
15%

10%

% MASS LOSS

5%

0%
0 20 40 60 80 100 120 140 160
MINUTES

Fig. 31. DCM solvenextractian for 50% and 80% PGSM. PGSM batches tested for a ye
show a similar behaviour, reported in the figure below, emticate areproducilie process.
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4.4.2. High Internal Phase Emulsions

44.2.1.

The success of an emulsification process depends on both internal factors of the two phases (oil and

water), and the external parameters. Internal variables like the volume of photoinitiator and

Emulsion stabity

polymer:solvent ratios were studied at two differentintgpspeeds (3band 850 rpm). Mixing time

and other manufacturing parameters were kept the same. The amount of surfactant, solvent and water

intake volume were also kept constant.

Scaffolds were developed in triplet for each of the combinations. Emulkssoiits are reported in

Table10. It was intended for all emulsions to absorb 4 ml of water, but the addition of water was

stopped at the first sign obalescencéa thin layer of water formed in the middle or top of the glass

vial). Regardless, some emulsions were unstable and coalesced right after the mixing stopped.

Table10. PGSM trials. Constant variables included photoinitiator being added at the same time as the other
ingredients, a mixing time of 3 minutes before adding the water, and a mixing time afterwards of 3 min for a
total mixing time of 10 minutes. Successfuliltssare shown in green. Symbols: * In more than 50% of the

batches preparedScaffolds does not crosslink homogeneously: the outside is stiff, but the centre presents a

getlike composition indicating poor light curing because of scattering.

PGSM
Reactive Conditions Resdution
Polymer Surfactant | Solvent _ F_’hoto Stiring T Water UV lamp
(Hypermer) | (Tol) initiator intake treatment
350 rpm 3 mi Emulsion unstable
350 rpm 4 mi Emulsionunstable
PGS 50%| 0.5¢g 10% 100% 40% 350 rpm | Tiwom | 3ml | 5minp/side| Pores~100m
850 rpm 4 mi Emulsion unstable?
850 rpm 3ml Por esmO1
350 rpm 4 ml | 5 min p/side | Emulsion unstable
350 rpm 3ml | 5minp/side | Pores~100m
850 rpm 3ml | 5minp/side| Por esmD1
PGS 80%| 059  10% 100% | 40% I ggs rﬁm Toom 3711 T 10 minpp/side S
850 rpm 3ml | 20 min p/side| Por esmO1
850 rpm 4 ml | 5 min p/side | Emulsion unstable*
From all possible combinations, those that proved tsulbeessful were:
Polymer Surfactant | Solvent . Pﬁoto Stirring T Water UV lamp
(Hypermer) | (Tol) initiator intake treatment

PGS 50%| 0.5¢g 10% 100% 40% 350 rpm | Trom | 3 Ml | 5 min p/side

PGS 50%| 0.5¢g 10% 100% 40% 850 rpm | Twom | 3ml | 5 min p/side

PGS 80%| 0.5¢g 10% 100% 40% 850 rpm | Twom | 3 ml | 20 min p/side
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The variation in results highlighted a lack of understanding on how the internal conditions of the

emulsion could affect the emulsion stability and the resulting scaffolds. Therefore, the role of the

polymer : solvent ratio, the nature of the solvent dreduolume of photoinitiator were explored at

two different mixing speeds: 350 and 850 rpm, as showralite 11. For such experiments, 50%

PGSM was useds it is a more stable polymer (higher degrees of methacrylation are associated with

undesired crosslinking).

Table11. PGSM scaffolds were produced by varying the polymer : solvent ratio, volume of photoinitiator and
mixingspeed. Boxes coloured in red show mixtures whose phases could not integrate to form an emulsion.

Yellow boxes show semi stable emulsions which had minor to medium complications when crosslinked under

UV light. Green boxes describe successful emulsiongdstitular pore features* scaffolds were cured for
20 minutes (10 on each side) unless otherwise stated.

Mixing speed: 850 rpm
PGSM:DCM ratio (g)
70:30 (0.35:0.15) 80:20 (0.4:0.1) 90:10(0.45:0.05)
1) 2)* 3
0.125 Emulsion unstable Semi stable emulsion Did not crosslink
(6)
S (5) Very viscous
= (4) Emulsion obtained, took| Not cured in the middle
e 102 Successful emulsion 30 minutes to crosslink after 30 minutes
(7) (8)*
Emulsion obtained, tooll  Better consistency than 9)
0.35 30 minutes to crosslink samples 46 Emulsion unstable
Mixing speed: 350 rpm
PGSM:DCM ratio (g)
70:30 (0.35:0.15) 80:20 (0.4:0.1) 90:10(0.45:0.05)
(10) (11) (12)
0.125 Emulsion unstable Emulsion unstable Emulsion unstable
. (13)
= Aqueous emulsion, dig (14)* (15)
o 0.2 not cure completely Stable emulsion Stable emulsion
(18)*
(16)* anr* Lessviscous than previous
0.35 Stable emulsion Stable emulsion Stable emulsion
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A factor that wa identified as critical was the homogeneity of the crosslinking process. It was
observed that the surface of the scaffolds would crosslink first and that the highly scattering emulsions
would obstruct the middle layers from being cured at the same spetedality. This was evidenced

through digital microscopyF(g. 32). Direct consequences of this incomplete crosslinking are scaffold

shrinkage angartial or full scaffold collapse.

N

Fig. 32. Transversal cuts on PGSM scaffolds. A thick crosslinked layer is obser
the borders of the scaffold, whilst the middle areas take longer to crosslink, or
crosslink at all. Arrows indicate crosslinked areas. Scales are/®0

It is important to note that no dependence was found between the pore size and their distribution

(edges or central areas) in the scaffold, as evidenddd. i8G.

Fig. 33. APGSM scaffold (exhibit 13 from prewous experlment) has been imaged on both the |
(left) and edge (right) areas, with no significative difference in pore sizes. Scale b8r/mm50

It was hypothesised that this effect could be caused due to the scattering of the UV light by both the
uncured and cured emulsion during exposure to the medium intensity UV lighigAth&ould cure
the outer areas of the scaffol d, but the power wi

part. By increasing the time of curing, the porous nature of the cured scaffold (as observed by the
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white colour) would scatter the hggand slow down the crosslinking process of the inner part of the
scaffold. In such cases, it was required to leave the scaffolds under the UV light for almost 40 minutes.
To solve this problem, the source of light was changed and a higher power, flOmmtiaire S1000

(100 W and ~1€0 W/cn?) to a GEW Engineering UV conveyor belt (80 Wnwas used.

4.4.2.2. Geometries of PGSM HIPEs

SEM imaging was used to identify pore geomefig. 33 andFig. 35show the emulsions that could
be successfully crosslinked froiable 11. As previously nentioned, scaffolds manufactured at
higher rpms, showed big pores (>30f) on the surface (exposed to both glass and air through
crosslinking). Smaller windows and, in some cases, interconnectivity between wirkdgv@S) can

be observed.

At 350 rpm, most of the scaffolds show homogeneous round pores (ranging fré&s@@H0) at the
surface and middle layers, and a visible high interconnection between pores and windows. In images
14, 15 and 17, really small windows can be appreciated, aeindecessarily respecting the round

geometry expected on HIPHSig. 35).

Despite the results being successful in terms of porosity, the pores amuvwifmnd in these
samples rarely resemble the ones related to HIPEs fromiAQ], EHA-TMPTA [304] or HA [305].

Only the last image (8)f Fig. 34 shows round pore geometries associated with HIPEs. This can be
due to the effect of internal forces in the emulsification process, and on collapse and swelling

shrinking mechanisms during theashing and drying techniques. This was explored later on.
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Fig. 34. SEM images for PGSM scaffolds under conditions labelled as 2, 4, 6 and 8, according to 1

mixed at 850 rpm. Pore geometries are mimicked in thel &faak boxes (at scale). Despite of all imac

showing high interconnection among cavities, they are heterogeneous in most of the cases. Only |
shows round pores, proper from HIPEs.

4.4.2.3. Internal Phase Volume

As with PCL emulsions, the oil phasddasmed by the polymer solution, the surfactant, solvents, and

the photoinitiator. The densities reportadrable12 have been considered.
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Fig. 35. SEM images for PGSM scaffolds under conditions labelled 45 Btcording to Table 4, mixed at
350 rpm. Pore geometries are mimicked in the small black boxes. Images 14 and 17 show big round pores
(>250 nm), but with irreglar and heterogeneous small windows (<1@@). On the contrary, image 14
shows homogeneous circular medium size pores with small and round windows, even on the surface. Finally,
image 16 illustrates irregular cavities, and no pores nor windows can beditfilyentiated.

Table12. Densities of water and oil phase involved in PGSM HIPE emulsions. *Toluene solvent is not
considered as it leaves the emulsion through its formation and is washed away.

Reactive Density (g/mol) Weight (g) Volume (ml)
Hypermer Surfactant| 0.94 0.05 0.053
Polymer solution 1.32 0.5 0.3788
Toluene* 0.866 0.5 0.5773
Photoinitiator 1.12 0.2 0.178

Total 0.6098 ml
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