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A cartilagem é um tecido especializado, responsavel pela mediagdo do contacto entre ossos em
superficies com movimento relativo. A sua matriz extracelular densa, rica em condrdcitos e varias
moléculas, permite uma ligeira cedéncia a cargas externas e providencia uma superficie lubrificada que
diminui a friccdo. Doencas da articulagdo como osteoartrite ou artrite reumatdide afectam varios milhées
de pessoas em todo 0 mundo, e 0 seu impacto devera continuar a aumentar com o envelhecimento da
populacdo e o aumento da obesidade. O melhor tratamento disponivel actualmente para doenca
articular severa é a substituicdo total. Esta envolve o uso de ligas metalicas biocompativeis que
articulam contra outro metal, cerdmica ou revestimentos de polietileno. Estes materiais apresentam
algumas limitagdes, nomeadamente a blindagem do tecido 6sseo relativamente a aplicacao de forgas,
gue pode resultar em osteoporose, desgaste conducente a detritos imunogénicos e eventual luxagdo e
fractura. O projecto biomecénico destes implantes assenta sobre interacgdes “hard-on-hard” e “hard-
on-soft”. Este tipo de projecto dos actuais implantes ndo mimetiza as interac¢des “soft-on-soft” que
ocorrem na cartilagem natural. Hidrogéis, nomeadamente os hidrogéis a base de polivinil alcéol (PVA),
tém sido estudados e mencionados como uma alternativa possivel para os materiais usados em
préteses de anca e joelho devido a sua biocompatibilidade, capacidade de intumescimento e
comportamento tribologico.

Neste trabalho, foram investigadas diferentes formulagfes de hidrogéis de PVA em termos das suas
propriedades fisicas (intumescimento, molhabilidade, comportamento termotrépico) e mecanicas
(médulo de Young, tenacidade, tensdo de ruptura e extensdo nominal maxima) visando a sua possivel
aplicacdo em préteses de substituicao total da anca ou joelho e os resultados foram comparados com
a cartilagem natural e outros hidrogéis de PVA na literatura. Observou-se que o intumescimento e o
comportamento termotropico dos materiais foi bastante semelhante ao encontrado na literatura.
Observou-se também que, mecanicamente, hidrogéis de maior peso molecular apresentam
caracteristicas comparaveis com as das cartilagens naturais. Contudo, todos os géis estudados
apresentam uma maior resisténcia & compresséo que traccdo, ao contrario do comportamento tipico
da cartilagem, que é mais resistente a trac¢ao.

Palavras-chave: hidrogéis de PVA, cartilagem articular, propriedades mecanicas, propriedades
termotrépicas, intumescimento, molhabilidade



Cartilage is a specialized tissue responsible for mediating contact between bones on surfaces with
relative movement. Its dense extracellular matrix, rich in chondrocytes and various molecules, allows a
slight yield to external loads and provides a lubricated surface that lowers friction. Joint diseases such
as osteoarthritis or rheumatoid arthritis affect several million people around the world, and their impact
is expected to continue to increase with aging populations and rising obesity. The best treatment
currently available for severe joint disease is total replacement. This involves the use of biocompatible
metal alloys that articulate against other metals, ceramic or polyethylene coatings. These materials
present some limitations, namely the shielding of the bone with regard to the application of forces, which
can result in osteoporosis, wear leading to immunogenic debris and eventual dislocation and fracture.
The biomechanical design of these implants relies on "hard-on-hard" and "hard-on-soft" interactions.
This type of design does not mimic the soft-on-soft interactions that occur in natural cartilage. Hydrogels,
namely polyvinyl alcohol-based hydrogels (PVA), have been studied and mentioned as a possible
alternative for materials used in hip and knee prostheses because of their biocompatibility, swelling

ability and tribological behavior.

In this work, different formulations of PVA hydrogels were investigated in terms of their physical
properties (swelling, wettability, thermotropic behavior) and mechanical properties (Young's modulus,
toughness, ultimate tensile strength and maximum strain). Total replacement of the hip or knee and the
results were compared with the natural cartilage and other PVA hydrogels in the literature. It was
observed that the swelling and thermotropic behavior of the materials was very similar to those found in
the literature. It has also been observed that, mechanically, higher molecular weight hydrogels have
characteristics comparable to those of natural cartilages. However, all the gels studied have a higher
compressive strength than traction, as opposed to the typical cartilage behavior, which is more resistant
to compression.

Keywords: PVA hydrogels, articular cartilage replacement, mechanical properties, thermotropic
properties, swelling, wettability
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Cartilage is an avascular, specialized connective tissue composed of a dense extracellular matrix which
houses chondrocytes and a variety of molecules, with a very low capacity for intrinsic healing and repair.
Joint pathologies such as osteoarthritis (OA) and rheumatoid arthritis (RA) are leading causes of
disability worldwide, which affect articular cartilage.? The degeneration of joint tissue gives rise to
painful symptoms, which can ultimately lead to loss of joint function. This effect is particularly

pronounced in the overweight and the elderly — both increasing trends in the world’s demographics.3

Various approaches have been pursued in order to relieve symptoms and mitigate the impact of disease,
from the use of pharmaceuticals to surgery, all of which have advantages and limitations. Total
arthroplasties, indicated for the advanced state of disease, are widely recognized as the most successful
treatment for very extreme cases of cartilage degeneration.*7 Currently, the most widespread implant
designs articulate a metallic alloy piece against a ultra-high molecular weight polyethylene (UHMWPE),
a ceramic lining or metal. Despite its success rates, several concerns remain, the most frequent being
wear of the polyethylene lining (45%), followed by inflammation (26%) and aseptic loosening (17%),
which ultimately lead to implant failure.® This may be partly explained by the very design of current
implants on the market, which have hard-on-soft (UHMWPE) or hard-on-hard (ceramic or metal-on-

metal) articulation surfaces which do not mimic the soft-on-soft contact seen in Nature.

In the natural joint, all articulating bones are lined with cartilage, creating a soft-on-soft interaction
interface. When compressed, the structure of the tissue allows it to yield slightly and release synovial
fluid, which provides superior lubrication, lessens the impact of loads and, as consequence, prevents
wear. Prostheses on the market fall into one of two categories, none of which correspond to the native
case: hard-on-soft and hard-on-hard. The present-day clinical practice resorts to very different
articulation dynamics, which could explain the diminished properties of man-made constructs and

prosthesis failure.

Hence, there is a gap in the market for effective cartilage substitutes that mimic the natural joint. By
investigating new, synthetic cartilage substitute materials, it may be possible to extend the lifetime of
contemporary constructs, decrease symptom relapse and reduce costs and the need for revision

surgery.

Several hydrogels have gained attention in this field due to being biocompatible and their ability to retain
a high water content. Of these, PVA hydrogels has become an attractive material for cartilage
replacement applications. PVA is biocompatible and presents good swelling properties.® The
characteristics of the resulting hydrogel may also be tailored by adjusting the production method*°* or
by combining PVA with other compounds to produce a more suitable and stable material.12-14
Furthermore, there are already some clinical applications of PVA, such as surgical sponges, contact

lenses and hydrophilic coating for catheters.®

The motivation for this work stems from a variety of circumstances. All in all, the prevalence and burden

of disease for types of arthritis is a major hindrance for the quality of life of a large portion of the world’s



population, and only expected to worsen. Cartilage has a very slow turnover and as a result, it is difficult
to replace by natural means.'> Some solutions for localized injuries have been proposed, albeit with
limited application. Furthermore, many hypotheses have been studied to increase implant longevity, but
none have been implemented as of yet. As so, new, improved biomimetic materials for cartilage
replacement is a very relevant topic with significant potential in biomedical applications. Hydrogels, and
particularly PVA, seem to hold promise for addressing joint-related issues. Research in this field may

one day uncover an optimal solution that increases quality of life and minimizes patient dissatisfaction.

The objective of this work is to create a protocol for the production of (nine) PVA-based hydrogels and
perform their characterization, where the variables in the formulation are the molecular weight of the
PVA (Low, Medium, High) and the presence (or absence) of other compounds in the solution (pure PVA,;
PVA and PVP; PVA, PVP and glyoxal). All the manufactured gels have been characterized regarding
their swelling behaviour, wettability, thermotropic behaviour and mechanical properties. In the end, the

material best suited for cartilage replacement in total replacement implants was chosen.

In the first chapter of this thesis, the theme is presented and the goals of this work are defined. The
second chapter addresses the State of the Art, comprising information on cartilage anatomy and
properties, joint pathologies and risk factors, current therapeutic solutions for severe joint degeneration
and new therapeutic solutions, such as PVA hydrogels. The third chapter refers to the Materials and
Methods, where the experimental procedures for the preparation of the hydrogels and the analytical
methods used for the characterization of their properties are further explained. The fourth chapter,
Results and Discussion, presents the data collected from the experimental part of the work, its analysis
and its contextualization in regard to the literature. In the fifth chapter, Conclusions, a summary of the
knowledge gathered from this work is presented, followed by the sixth chapter, where Future Work is
addressed.



The structural integrity of human bodies depends on bone, muscle and cartilage. Bone is rigid, working
as a supportive framework for the body, while muscle is flexible and stretchable. Cartilage is somewhere
in between, hard enough to provide some support and structure but also a much larger degree of
compliance than bone. Therefore, it can play a role in areas where some structure is paramount but
fewer constraints are a must. For instance, the cartilage at the end of the human ribcage bones facilitates

the expansion and contraction of the thorax in respiration.

Articular cartilage is a highly specialized connective tissue which covers the surface of the joints.
Functionally, articular cartilage is an important mediator of bone-to-bone contact in areas designed for
movement. Taking the gait cycle as a relevant example in the scope of this dissertation, without it, the
extremities of the bones about which movement occurs would be unprotected. Their ends would be
subjected to hard-on-hard interactions which, in turn, would increase friction and wear on the surface,
ultimately compromising integrity and function. The unique blend of properties cartilage possesses
enables it to mitigate the effects of external loads by yielding slightly and to facilitate articulation by
providing a lubricated surface that lowers friction.

Cartilage is composed of a dense extracellular matrix, rich in water, proteoglycans, collagens,
chondrocytes and low amounts of non-collagenous proteins and glycoproteins. Each component serves

a different purpose in the overall system, a topic which is briefly elaborated below.

65% to 85% of the wet weight of articular cartilage is water, which makes it the most prevalent
component of the joint. The percentage of water varies from 85% at the superficial zone to 65% in the
deep zone.!® In the tissue, it plays a role in the lubrication of the entire structure and nutrient transport
(to chondrocytes). Approximately 30% of this water occupies the intrafibrillar space within the collagen
network.1718 There, it exists in the form of a gel. By doing so, upon the application of a compressive
force, its motion along the matrix becomes more restricted. This creates a pressure gradient and flow
resistance that allows a certain amount of water to remain within the tissue and cushion the impact of

significant loads.19.20

About 60% of the dry weight of cartilage is collagen, which makes it the most abundant macromolecule
in the joint.?2! 90% to 95% of that amount is type Il collagen??, that creates a fibril network with
proteoglycans (PG) aggregates. Other collagens present in much minor amounts, e.g. such as types |,
IV, V, WI, IX and XI help to stabilize this network?2. Collagens are composed of 3 polypeptide a-chains,
where amino acid residues can be found, namely proline, hydroxilysine and glycine. Proline undergoes
hydroxylation, forming hydroxyproline. The presence of hydroxyproline and hydroxylysine helps form

hydrogen bonds along the molecule, providing structure. Additionally, a-chains are left handed helices



that organize in a triple, right-handed helix structure. By arranging in this manner, the end structure is

more extendable than the a-chain, and confers desirable tensile and shear properties to the cartilage.?3

The second largest group of macromolecules in the extracellular matrix (ECM) of cartilage are
proteoglycans (30% of its dry weight?4). Generally speaking, PG consist of multiple chains of
glycosaminoglycans (GAG) that establish sulfide bonds with hyaluronic acid. The most important PG is
aggrecan, which forms aggregates with hyaluronan and is responsible for the osmotic properties of
cartilage.?> Other PG such as decorin, fribomodulin and biglycan interact with the fibrinous structures

formed by collagen.26

Chondrocytes are the only cells found in the cartilage tissue (2% of the total volume??) . Their function
is to establish a specialized microenvironment in their immediate vicinity and stimulate the development,
maintenance and repair of the ECM?7. Because these cells are derived from mesenchymal stem cells
(MSC), they have limited replication potential. Hence, cartilage has a low capacity for intrinsic healing
and repair. Chondrocytes populate all the layers of the joint tissue, but their morphology, size and
number vary according to the zone. For instance, in the deep zone chondrocytes are larger, rounder
and more scattered than in the superficial zone. While these cells do not typically display direct signal
transduction between them, they do respond to a plethora of stimuli, such as mechanical loads,

hydrostatic forces, and growth factors.28

Lastly, several non-collagenous proteins and glycoproteins have been identified in articular cartilage,
although their function is not entirely characterized. Evidence points to the likelihood of them playing a

role in maintaining the integrity of the ECM.26

Even though the composition is generally the same in qualitative terms, different zones and regions
display different densities and configurations of their components. Articular joints are heterogeneous,
tissues, with composition and structure that vary with depth (Fig. 1). Four zones can be discerned in this
stratified tissue: the superficial zone, the middle zone, the deep zone and the calcified zone?°. In each
zone, 3 regions can be identified: the pericellular matrix, the territorial matrix, and the interterritorial

matrix. As a result, this tissue exhibits mechanical anisotropy and non-linearity.

The superficial zone is a thin layer (10% to 20% of total cartilage thickness), with a large amount of flat
chondrocytes and a dense network of type Il and type IX collagen fibers arranged parallel to the articular
surface?®30, The superficial zone has direct contact with synovial fluid, and is responsible for protecting

the deeper layers from shear, tensile and compressive stresses®.

Anatomically and functionally, the middle zone it is a transitional zone (40% to 60% of total thickness)
between the superficial and the deep zones. The collagen fibrils are thicker and aligned obliquely for a
smooth transition to the deep zone configuration®°. In the matrix, fewer, rounder chondrocytes and

proteoglycans can be found?®. This layer helps to mitigate the effect of compressive forces.



In contrast with the superficial zone, the collagen fibrils, which are thickest in the deep zone (30% of
total thickness), align perpendicularly to the articular surface. Similarly to other zones, chondrocytes and
proteoglycans can be identified. Chondrocytes arrange in columns and proteoglycans are at their
highest concentration in the deep zone, which allow this zone to resist the highest resistance to
compression®2, Because it is one of the densest layers, it is less permeable and has the lowest water

concentration.

The calcified zone is nearly void of cellular content and almost entirely made up of an extension of the

deep zone calcified collagen fibers. In this layer, the cartilage is secured to the subchondral bone?°.

As previously referred, each zone can be further divided into 3 discernible regions, the first one being
the pericellular matrix. This layer is where proteoglycans, glycoproteins and noncollagenous proteins
tend to gather, completely surrounding the cell membrane of the chondrocytes. Studies suggest it may

have an important part in the initiation of signal transduction within cartilage 32

The territorial region is adjacent to the pericellular matrix and presents a high content in collagen fibrils.
Evidence suggests that it may play a role in the protection of chondrocytes against biomechanical
stresses, as well as in the maintenance of cartilage architecture and its ability to resist significant loads.2¢

The interterritorial region is made up of randomly orientated collagen fibers, arranged differently
according to the zone, and a high content of proteoglycans. This regions is the largest contributor to the

biomechanical properties inherent to cartilage. 34
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Figure 1: Diagram of the organization of cartilage. a) cellular organization; b) collagen fiber architecture3>

2.2.3. METABOLISM

Chondrocytes produce various matrix components, according to external mechanical and chemical

stimuli. Proinflammatory cytokines like interleukin-1 and tumor necrosis factor are some of the products



of its metabolism, which are involved in the turnover of the ECM. 36 Proteoglycans are also produced in

chondrocytes through a metabolism regulated by several regulatory peptides and growth factors.

Since cartilage is not vascularized, chondrocytes depend mainly on anaerobic metabolism and get their
nutrients through diffusion from the synovial fluid into the matrix. The ECM has an average pore size of
6.0 nm 152034 gnd filters molecules according to charge, size and configuration. A variety of proteinases
are involved in the renewal of cartilaginous ECM. Collagenase degrades collagen fibrils; gelatinase
breaks down collagen types I, IV, V, VII, X, and XI as well as fibronectin and elastin 37:38; stromelysin
and cathepsins act on the proteoglycan aggrecan, which is associated with the osmotic properties of
cartilage.

Joint diseases are commonly triggered by physiological imbalances in the turnover of the
microenvironment mediated by chondrocytes. These extreme changes in metabolism are often at the
root of joint conditions such as osteoarthritis. It is important to note that despite its ability to withstand a
harsh biomechanical environment, cartilage has a slow turnover, making it extremely difficult to recover
from serious injury. Based on the synthetic rate of hydroxyproline, the complete turnover of the human
femoral head cartilage should be approximately 400 years.1>

As previously discussed in Section 2.2.1., the water phase of articular cartilage represents 65-85% of
its wet weight. Due to the structural differences in its zones, the lowest water content (WC) is observed
in the deeper layer, while more superficial areas are more hydrated.3%4° The most abundant components
of the ECM are collagens and proteoglycans. The latter contain GAGs, which are negatively charged,
due to the presence of sulfate and carboxyl groups, and are hydrophilic. As a result, the ECM displays
a tendency to swell in the presence of water. Swelling significantly affects the mechanical behaviour of

cartilage, since it enhances the pressure gradient that helps it resist strong loads.*!

The literature reports that, for older or diseased cartilage tissue, the swelling capacity tends to increase
by about 30%.42-%6 A compromised joint has a more fragile structure that can no longer restrict motion
in the same manner as healthy joints, allowing a higher degree of rearrangement to accommodate for

the entry of fluid. In other words, the joint becomes incapable of resisting swelling pressures.

Fig. 2 shows the experimental result of an independent study, where post-mortem cartilage presented
a maximum of approximately 75% WC at the surface, which slowly decreases with depth until it reaches
64% in the deep zone. Osteoarthritic (OA) cartilage has a higher swelling capacity, and presents a

surplus hydration occurs mostly in the middle zone, where there is a higher density of proteoglycans.¢
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Figure 2: Variation in water content as a function of depth in post-mortem and OA cartilage. ¢

2.3.1.2. WETTABILITY

Cartilage-cartilage interactions occur within a thick (>0.1um) separation layer with liposomes, lamellar
phospholipids, hyaluronate and lubricin.#” Moreover, the phosphate groups in phospholipids are
negatively charged, which creates a repulsion between adjacent layers and further facilitates slippage.
The wettability reflects the structure and composition of materials, and can be correlated to friction.
Generally speaking, in cartilage, published results show that the lower the wettability, the higher its
capacity to maintain lubrication and, therefore, the lower is the friction (Fig.3).48-%0 It it noteworthy to
point out these results were obtained using the sessile drop method.
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Figure 3: Variation of the friction coefficient and the contact angle in cartilage. 48 Articular surface contact angle (°) of normal
cartilage: 1032 point m; bovine patella 100.1° point I; human knee 79.7° point k; hip 76.32 point j. 5° Arthritic surface: cartilage
652 point g; bovine patella 702 point I; human knee 632 point h; hip 56.32 point f. 5° Delipidized cartilage bovine knee surface
wettability contact angle (°) after: 1 min 712 point a; 3 min 562 point b; and 21 min 392 point c. Normal bovine knee contact
angle (2) was 932 point d; and 98 point e.
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Figure 4: The wettability contact angle of saline drops on cartilage samples as a function of air-drying time (1) joint was
opened and air-dried, (2) joint was dabbed in saline 60 min and air-dried .*8

Cartilage has been observed to modify its wettability according to the environment surrounding it. The
pH of the environment surrounding the natural joint is approximately 7.5 In wet conditions, at this pH
level, phosphate groups in the membrane interact with water and enhance adhesion through dipole-

dipole attractions.

A study reports that, using the sessile drop method, the joint is highly hydrophilic when completely
immersed in synovial fluid (0°), and becomes more hydrophobic as it is left to air-dry over the course of
one hour, at which point it stabilizes (~94°) (Fig.4).8 Table 1 presents the water contact angle of different

types of cartilage after air-drying.

Table 1: Contact angle in different air-dried articular cartilage surfaces.*8505556

Tissue Contact angle (°)
Normal human AC 94° - 105°
Normal bovine patella 100°
Human knee 80°
Arthritic Knee 63°
Human hip 76°
Arthritic hip 56°

The effect of age and loss of lubrication in cartilage?® should be taken into consideration when talking
about cartilage wettability. In fact, diseased cartilage is consistently more hydrophilic than healthy joints,
which perfectly reflects the reported increases in swelling capacity in joint disease, since it is associated
with the degeneration of the matrix, its inability to resist fluid pressurization and its consequential

increase in porosity.

Air-drying interferes with these interactions and causes the loss of charge density of the membrane

which, in turn, manifests as surface hydrophobicity or, simply put, a higher contact angle.5-%* The



literature interprets the transition from hydrophilic to hydrophobic as the effect of the flip-flop movement
of the phospholipid layer in the surface. As the surface dries, the bilayer stabilizes with exposed
hydrophobic chains®3

In the human body, the natural cartilage is continuously exposed to synovial fluid. Under these
circumstances, it displays a hydrophilic behaviour with extremely low contact angles. “8 The hydrophilic

properties have been linked to the presence of GAGs in the ECM.5%’

A thorough literature search revealed no data on the contact angle on hydrated natural cartilage
surfaces, which would more accurately mimic the in vivo situation. Hence, all the results herein
showcased were obtained using a different method than that used for this work, which will be discussed
in Sections 3.2.2 and 4.2.1.2..

There are two mechanisms through which cartilage responds to mechanical stresses: deformation of
the ECM and resistance to interstitial fluid flow.585% When the cartilage is subjected to a mechanical
force, a pressure gradient is induced in the interstitial fluid, which tends to flow outwards from the point
of application of the force, through the pores. The small pore size is a limiting factor in the hydraulic
permeability of the tissue (in the superficial layer, hydraulic permeability is low, whereas in the middle
and deeps zones, it is high).5° While this mechanism increases resistance to the water flow, it also
contributes to the low coefficient of friction in the joint5%. In addition, GAGs present in the ECM are
negatively charged, and attract the bipolar molecules of water. The conjoined action of the hydraulic
permeability and electrostatic forces accounts for 95% of the mechanical resistance cartilage is capable

of. The remaining 5% correspond to deformation of the ECM. 34

The response of cartilage to mechanical stimuli is time-dependent. For example, creep response after
an instantaneous elastic deformation might take up to 1000s to reach a new equilibrium.® This can be
attributed to the changes in interstitial water flow and ECM deformation induced by mechanical loads,
which delay the rate of response. For example, with ECM deformation comes reduction in average pore
size, which results in a longer time to reach equilibrium diffusion®2. In conclusion, the load or

displacement applied influences how rapidly the equilibrium state is reached.

Several studies show that many mechanical properties vary according to the joint location®3:64.6566 donor
species (human, bovine, murine, etc.)57, donor age3168.6° and between articulating surfaces’. The YM,
for instance, is very susceptible to the anisotropies in the cartilage, changing according to the zone
where the test is performed and the orientation of the fibrils in the test specimen. The YM values
measured on the middle or deep zone are lower than those measured superficially.3* When cartilage is
subjected to tensile forces, the collagen fibrils align parallel to the axis of loading and stretch. Hence,
the intrinsic stiffness of the collagen fibers found in the joint, their numbers, orientation and degree of
cross-linking determine how resistant articular cartilage is against tensile loads, 73172 and therefore

how high the YM is. The type of test used to ascertain a certain property also influences the results.”



The ultimate tensile strength (UTS) quantifies the maximum stress a material can withstand before
necking of the test specimen. Chan et al”* and Williamson et al”® conducted independent animal studies
that revealed a linear relationship between pyridinoline crosslinks and the ultimate tensile strength. They
conclude that measuring pyridinoline in vivo could potentially be used as an indirect marker of the
ultimate tensile strength. Eleswarapu et al”® further investigated this matter and concluded that this
relationship was also true for many other tissues besides articular cartilage, such as patellar cartilage,

medial and lateral menisci and others.

Deformation properties are well characterized for cartilage and related materials, but the same cannot
be said of failure properties. Failure can be characterized, for example, in terms of fracture toughness,
the amount of energy a material can absorb until rupture”® and how it handles crack propagation.”” The
literature states that the measurement of fracture toughness is complex, due to the anisotropies of the
cartilage and the lack of a surface large enough to prevent geometry from influencing the results. Ideally,

the fracture properties should at least match those of natural cartilage.”™

A summary of the mechanical properties of natural cartilage, based on information collected from Little

et al.”?, completed with additional relevant information, can be found in Table. 2.

Table 2: Summary of mechanical properties of native cartilage.

Description Value Testing References
Method
Tensile Young’s Tensile stiffness of cartilage N Tensile
Modulus when subjected to a constant -MP Constant IO
a
strain rate Strain Rate
Compressive o . Confined
Equilibrium stiffness of the )
Young’s Modulus ) ) 0.24-1.82 compression,
cartilage unconstrained at the i 34,82-85
) MPa unconfined
sides )
compression
Fracture The ability of a material to Modified
) 305 -391 )
Toughness absorb energy and resist single-edge =
MPa/mm?/2
fracture notch test
Ultimate Tensile ] ) Tensile
Maximum that a material can 0.8-25
Strength ] ) ) Constant s
withstand without necking MPa )
Strain Rate
Aggregate Equilibrium compressive Confined
Modulus stiffness of cartilage constrained 0.1-20 compression, TSR
at the sides indentation
Hydraulic o N Confined
- Ease by which interstitial water 10-1%6 - 10 )
Permeability compression, 82,86
moves through the ECM 15 (m*#/Ns)

unconfined
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compression,

indentation
Poisson’s Ratio Ratio of lateral strain to strain i
o Unconfined
along the stress direction & a 0.06 - 0.3 )
- compression, SRR
measure of the compressibility MPa )
. Indentation
of the pores in the ECM
Tensile
ilibri Tensile stiffness of cartilage at Tensile stress
equilibrium > O g 5_ 25 MPa ' 88
modulus the equilibrium relaxation
Equilibrium shear Measure of shear stiffness of o
i ] 0.05-04 Equilibrium
modulus solid ECM after all viscous ECM B
] MPa shear
effects have subsided
Complex shear Apparent stiffness of ECM, ]
o ] 0.2-25 Dynamic
modulus which includes both viscous and 63,64,90,91
) MPa shear
elastic effects
Shear loss angle Measurement of how much of ]
) Dynamic
the complex shear modulus is 10° - 15° 3 o0 0T
shear

caused by viscous effects.

Several diseases and injuries can affect the joint and hinder it from fulfilling its function. They vary
in their inflammatory potential, their duration, and severity of symptoms. Typically, conditions can be

divided into inflammatory and non-inflammatory.

The inflammatory response is a fundamental bodily response tailored for self-defense, classically
referred to in the medical community in Latin as “dolor, calor, rubor, tumor”. Or, in other words, pain,
localized warmth, redness and swelling. When the inflammatory response is triggered, blood flows into
the affected areas, increasing the number of leukocytes at the site. The momentary increase in cellular
density as well as the presence of inflammatory substances often cause irritation, wear of the articular
cartilage and swelling of the synovium, the thin layer of cells that surround the joints that produce
synovial fluid, responsible for joint lubrication. Rheumatoid arthritis, ankylosing spondylitis and psoriatic

arthritis are examples of arthritis caused by inflammation.

Rheumatoid arthritis (RA) is the most common inflammatory, systemic autoimmune condition that

affects the articular cartilage®. The synovial membrane becomes swollen and inflamed, which triggers a
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damaging cycle of events. Initially, the tendons and ligaments stretch and weaken as a result of the
membrane inflammation. The joint then loses its configuration and shape. As the disease progresses,
the inflamed membrane invades the cartilage and wears it away, bone erosion occurs and adhesions
form in the articular surfaces, which mature into bony connective tissue, ultimately leading to ankylosis.
The disease is known to involve cycles of remission and recurrence, but over the course of several
years may often result in the complete destruction of cartilage.®29 The symptoms of chronic pain,
inflammation, fatigue, loss of joint function, stiffness, reduced motility and further systemic complications

ensue.
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Figure 5: Diagram of comparison between the healthy knee joint and a joint with rheumatoid arthritis.

The disease diagnosis is usually based on patient history and a selection of different exams. However,
due to the gradual onset of symptoms, there is often a delay in the detection of the disease.® Anually,
in European countries, 20 and 50 new cases per 100,000 people occur.?® The management of RA gave

rise to annual costs of management of over 45 billion euros in 2008.%

The disease can be found in any age group — nevertheless, people over the age of 40 seem to be more
susceptible and women are close to three times more likely to develop RA.?” Within 2 years of onset of
the disease, one third of patients are forced to stop working. 10 years post onset, 30% of patients have
severe disability.%6:97 While in some cases RA is manageable and displays mild symptoms, more severe
or untreated cases may shorten life expectancy by 6 to 10 years. The effect is comparable to that of
coronary heart disease, stroke and diabetes.%

Non-inflammatory arthritis is typically known as Osteoarthritis (OA). OA is a progressive disease
where cartilage and bone within a joint break down. Typically, the protective cartilage in the joints is
exposed to a constant but low level of damage, which the body is able to repair by itself, resulting in no
symptoms. However, persistent micro and macro injuries cause cell stress and extracellular matrix
degradation, leading to the onset of the disease. Symptoms progress from abnormal metabolism in the

joint tissue, followed by cartilage degradation and joint inflammation, bone remodeling and the formation
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of spurs. In the more advanced stages of OA, if the cartilage completely disintegrates, bone-on-bone
friction occurs. This damage results in a significant amount of pain and swelling, particularly in the
weight-bearing joints, that can hinder the patient’s capability to utilize them.
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Figure 7: Comparison between a healthy hip and an arthritic hip. a) Diagram; b) X-ray image.1%°

The diagnosis of OA is rather straightforward, since imaging techniques allow for an accurate
visualization of bone damage, as evidenced in Fig. 6 and 7. The statistics show osteoarthritis is the most
prevalent joint disease?, with over 40 million registered patients in Europe as of 2003.191 45% (2008) of
the world population is at risk of developing knee OA2, compared to the 25% (2010) who are likely to
suffer from hip OA.1%3 In 2010, OA ranked 11" in the WHO Global Burden of Disease Study as the most
common cause of years lived with disability, in contrast with 1990, where it ranked 15".194 Segmented
by continents, it ranks 6" in East Asia and East Pacific, 10 in North America, 13™ in Western Europe
and 7t in Eastern Europe. According to the data gathered for a more comprehensive review, on average,

the annual economic burden per patient in Europe ranges from 1330€ to 10452€.105

It has been documented that women suffer from OA more frequently than men1%.197  due to
reduced volume of cartilage, loss of bone and less developed musculature.1%8 Age is also a risk factor,
with onset being common between the ages of 40 to 50 years.106:107.109.110 Qhesity has also been
correlated to OA. Research shows that there is a 36% increase in the risk of knee OA for each 5kg of

weight gain.*! The condition is one of the fastest growing causes for disability and impairment
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worldwide, and the trend is expected to increase with aging population and rising levels of obesity. 2 By

2050, OA is expected to impact 130 million individuals worldwide. 112

Other risk factors at the joint level can also give rise to OA, like trauma or repeated motion which
leads to fatigue. In these instances, tears appear in the meniscus as a result of the movement, which in
turn initiates internal derangements in the knee that can result in severe OA. The rupture of the anterior
crucial ligament leads to an earlier onset of knee disease in 13% of cases, sometimes higher — up to
40% - if the injury is associated with subchondral bone, menisci, damaged cartilage and ligaments,
which it often is.113

Treatment depends on the origin of disease. Regarding RA, specific treatment guidelines are yet to be
standardized. Not all countries in Europe, for example, have defined rules for managing the disease.®’
However, as it is an autoimmune disease, there is no cure, and care is directed towards remission or
delaying the progression of the disease. A common, recommended practice for treatment is to initiate
pharmacological treatment as soon as the diagnosis is made.®” A more comprehensive review on the

types of pharmaceuticals that are commonly prescribed can be found elsewhere.114

OA, similarly to RA, has no cure. Thus, long-term management of the disease consists of mitigating or
delaying symptoms. Treatment guidelines recommend the use of pain and anti-inflammatory
prescription medicine as well as non-pharmacological therapies, exercise and a healthy diet.115-118 This
therapeutic approach has considerable side effects, is not 100% effective and some countries have
restricted regulations that prevent the use of certain drugs.

When damage to the joint is severe, the surgical approach may be indicated. Arthritis affects most
notably the hip and the knee. Total knee or hip arthroplasty have been established as one of the most
successful treatments for RA and OA, by reducing pain and restoring a degree of motion. Research has
shown that 10 years after surgical intervention, the survival rate of the prosthesis stood at about 81-
97%.47

Current prostheses are made of a biocompatible, durable, weight-bearing metals. At the contact
surfaces of these materials, it is common to add a polyethylene or ceramic lining to the prosthesis, so
as to avoid metal-on-metal interactions where wear is easily accelerated. All these materials are much
stiffer than cartilage and do not have the same lubrication, deformation and shock absorption properties.
Also, the prosthetic materials, conversely to cartilage and bone, are fairly dense and impermeable to
water or any other fluid.
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Figure 8: The basic components of the design of a hip prothesis.

Despite the success of this method of treatment, several concerns remain. In the first 90 days following
surgery, patients are vulnerable to complications, from localized deep joint infections to systemic
complications like pulmonary embolism and myocardial infarction.1’® Age weighs considerably in
mortality statistics as well, with patients above 85 years of age six times more likely not to recover than
patients 20 years younger.'? The most considerable long-term concern, however, is survival of the
prosthesis. Revision surgery is often the endpoint after prosthesis failure, but not everyone may be
willing or in good enough health to undergo surgery for a second time. As so, a long-lasting prosthesis
is a must. Aseptic loosening, fractures, dislocation and osteolysis are common long-term side-effects
observed in this clinical profile. A study has found 45% of failures were due to polyethylene wear, while

26% could be attributed to infection and 17% to loosening.8

Prostheses, biomechanically speaking, are not a perfect emulation of the native bone and cartilage. All
the materials currently used present disadvantages that need to be addressed. The path to an ideal
solution should include the conception and design of a cartilage-like material with a very low coefficient

of friction that can extend the durability of prostheses.

Table. 3, with information gathered by Beddoes et al'?!, compares the properties of materials used for

joint treatment.

Table 3: YM and UTS of materials used in joint repair.122123

Material Young’s Modulus (GPa) Tensile Strength (MPa)
Cortical bone 17.7 133

Articular cartilage 10.5 x 1073 27.5

Co-Cr alloy 210 1085

Zirconia 220 820

Alumina 380 300

PE 0.88 35

The use of ceramics and MoM causes a stress-shielding phenomenon, where the most rigid material —

the implant, has a tendency to execute most of the load-bearing. The bone undergoes remodeling and
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loses density, sometimes to a point where it no longer has a stable enough structure to support the

prosthesis and the implant fails.124

All of these materials are subjected to wear from which debris can spread, often triggering an immune
response. Such is the case of PE, which releases wear particles that activate the inflammatory pathway
and induce osteolysis.'?>-128 MoM implants, especially those made of cobalt chromium, release metal
ions upon wearl?®-131 with toxic'32 and potentially carginogenicl3® repercussions. Due to safety

concerns, various MoM implants have been recalled.134.135

The brittleness of ceramics is their primary disadvantage. Because ceramics have limited deformation
under applied stresses, they are more gravely affected by fatigue. Repetition originates small cracks or
homogeneities that hamper the material’s ability to withstand loads as effectively.136 In the worst case

scenario, the implant fails upon the break of ceramic bearings.

Novel approaches to the treatment of OA and RA fall under the fields of Regenerative Medicine (RM)
and Tissue Engineered Constructs (TEC). The goal of RM is to restore normal function by replacing,
engineering or regenerating native, human biological material. Conceptually, this can be achieved
through the stimulation of innate repair mechanisms or by growing tissues and organs for
transplantation, when self-repair is impossible. The most promising aspect of RM lies in the use of
autologous stem cells and other materials, which nullifies the risk of rejection while perfectly mimicking
nature, and provides a solution to the problem of donor shortage for a variety of conditions, not limited
to the joint. TECs have a very similar goal to RM, except they rely on the knowledge gathered from
different fields including molecular biology, materials science and biomedical engineering and usually
contemplate non-autologous options using both natural and synthetic materials. In the past, several
solutions have been proposed, from rigid scaffold formation37, hydrogels2138.139 scaffold free options14°

and cell therapies.

Within RM treatments, platelet-rich plasma (PRP) and mesenchymal stem cells (MSC) have been
studied. PRP is derived from the patient’s blood, which is subjected to centrifugation, allowing the
separation of plasma and platelets from the rest of its constituents. This results in a plasma fraction very

dense in platelets with applications in cartilage regeneration and neoproliferation.141.142

MSCs have the capacity to differentiate into osteocytes, chondrocytes and adipose tissue. Obtaining
these cells poses minimal risks for the patient and, compared to other stem cell types, MSCs can be
obtained in larger quantities.’*® Recent findings suggest autologous MSCs have a natural affinity for the
damaged joint tissue, and are capable of aiding in cartilage repair. Not only can they help reduce pain
and therefore the need for drugs, but they also secrete anti-inflammatory proteins which reduce stress
in their immediate vicinity. By integrating into the tissues, they can simultaneously slow down

degeneration and induce healing.
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As for TECs, various materials have been been used, most notably as hydrogels. Polyethylene glycol
(PEG) is one example of such, and it has been proven to be an excellent scaffold for chondrocyte
seeding.** Scholz et al**> conducted an animal study in which they attempted to inhibit pathological
vascularization of cell seeded PEG/albumin/hyaluronic acid (HA) hydrogels, since blood vessels
accelerate hydrogel degeneration. 2 weeks post implantation, no blood vessels were identified and
chondrocytes were seen to be functioning normally. Poly(methyl methacrylate) (PMMA) has also been
tested as an additive in PEG hydrogels and enhanced mechanical properties were observed. Overall,
this outcome was achieved with a high PMMA fraction and crosslink densities and a low molecular
weight.1** In both these studies, the resulting hydrogels were deemed appropriate as cartilage
substitutes.

Another material that has gathered attention thus far for cartilage replacement hydrogels is chitosan, a
natural material derived from chitin which is biocompatible, biodegradable, nontoxic and available in
unlimited supply. Furthermore, chitosan is similar to cartilage in the sense that GAGs and HA are present
in both of their matrices.1#6 Multiple studies report efficient proliferation of chondrocytes.147-14% Cell-
seeded chitosan-based hydrogels transplanted by Hao et al'#® succeeded in filling cartilage defects fully
after a period of 6 months. Chitosan has also been studied in conjunction with other materials, such as
poly(3-caprolactone) (PCL). The concentration of each material has been shown to influence the
mechanical properties — 75% chitosan with 25% PCL exhibit good cell adhesion but a 50/50 hydrogel
displayed superior mechanical properties.1>° The main issue with chitosan is its inability of forming gels

rapidly: if used in the form of an injectable gel, there is a risk that gelation will occur ectopically.14®

Alginate, a natural material derives from algae shows, along with chitosan and PEG, great promise in
the field of cartilage repair. It is a natural material derived from algae which, aside from being
biocompatible, has been extensively used in additive manufacturing techniques due to its rapid
crosslinking.*®* Preliminary studies succeeded in bioprinting a 3D porous matrix with 85% cell viability,
proliferation and fixation in the matrix, although with subpar mechanical properties compared to natural
cartilage%2, Other studies support that alginate can effectively provide an adequate microenvironment
for the proliferation of chondrocytes and release of ECM molecules.'531%4 Markstedt et al'®® reported
similar properties with an enhanced compressive modulus, through the addition of cellulose nanofibers
to the bioink formulation. Kesti et al**¢ conducted an animal study where alginate, gellan and bovine
chondrocytes were combined to print 3D scaffolds with desirable mechanical properties and intricate

geometries.

Considering the statistics presented in Section 2.3. regarding the major causes of failure of prostheses?,
a lot of recent research has been directed towards finding new, better articular cartilage substitutes. The
materials that have been studied recently fit in one of three categories: natural, synthetic and

composites. A summary of some of those materials, can be found in Table 4, based and adapted from
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Duarte Campos et al.15” Most of the literature follows a cell-assisted cartilage repair approach, which

should be key to maintain lubrication.

Table 4: Summary of materials with potential applications in cartilage repair or replacement.1>’

) ) Reference
Material Type Advantages Disadvantages
s
Difficult migration of
Allows cell differentiation; cells when polymerized
Agarose Natural high GAG/DNA ratio; at high concentration; Ae=ie
reparative ability needs to be exposed to
mechanical overload
) ) ) ) Non-ideal mechanical 14.153,162,166-
Alginate Natural Allows interaction with cells .
properties 169
o o Lacks fast-gelling
) Unlimited resource; high in ] LSRR,
Chitosan Natural properties (cannot be
GAGs and HA i

applied in situ)

) Needs mechanical
Main component of the ECM; _ _ )
) stimulation to improve
good cell adhesion ) )
Collagen Natural ) o loading capacity; 172-183
properties; good clinical )
_ ] unstable degradation
results with young patients
rates

Low success rate
Approved by the FDA,;
i ) (depends on cell
stimulates production of

Fibrin Natural ) seeding concentration); ~ 165175184-186
GAGsS; supports formation of )
unstable degradation
the ECM
rates
GAG present in native Needs growth factors for
cartilage; allows interaction survival; decreases 145,146,167,186-
Hyaluronan Natural ) ) )
with cells; improves expression of collagen 188
expression of collagen type Il type |
Water soluble; good Xenogeneic origin; poor
Gellan gum Natural ) ) ) &
rheological properties mechanical strength
Allows interaction with
) chondrocytes; does not Non-ideal strength and ~ 30.144,145,158.1
PEG Synthetic ) ) )
support angiogenesis compression modulus 74,190,191
(beneficial for chondrocytes)
Copolymerization possible When polymerized,
] ) with AAC; gelling there is an output of
PNiPAAmM Synthetic 2
temperature around 37°C; water content; poor
does not support mechanical strength
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angiogenesis; cells keep
their phenotype
Able to maintain a 3D

structure when implanted in
] ] ) ) Needs growth factors for
PLA Synthetic vivo; high expression of ) 194,195
cell survival
collage types | and II;

biocompatible

Allows interaction with i ) )
_ _ Mild host immunological
PGA Synthetic chondrocytes; tailorable sl e el
; . response;
mechanical properties

Biocompatible; promotes cell ) )
) o Suboptimal mechanical
] adhesion (beneficial for . 175,194,195,197-
PLGA Synthetic ) ) properties for load-
cartilage regeneration ) o 200
bearing applications
purposes);

Ease of processing as
) injectable gel (in situ Mild host immunological
PU Synthetic o 2ol
polymerization); good response
mechanical properties

Fixation problems in the

Water soluble; excellent non-articulating surface;
12,14,169,183,19
PVA Synthetic =~ adhesion properties; allows limitations in mimicking 7 202204
interaction with cells natural cartilage
lubrication
Watter soluble; good wetting
PVP Synthetic properties; non-toxic in its Lower thermal stability 2es

cross-linked state

In the present work, PVA was chosen as a model material for the rubbing surfaces of atrtificial cartilage.

PVA is obtained through hydrolysis of polyvinyl acetate. The degree of hydroxylation and polymerization
determine the physicochemical and mechanical properties of PVA hydrogels.?°¢ For example, although
PVA is known to be soluble in water and form crystals, a highly hydroxylated and polymerized PVA will
display these properties to a lesser extent.?%” The concentration of PVA also plays a role in the properties
of the gel. By manipulating variables such as concentration and molecular weight, it is possible to create

a gel with tailored properties that mimic most tissues.

Since PVA is soluble in water, crosslinking, is a crucial step for PVA gel formation. Without a stable

structure, the gel is not able to withstand the swelling pressure upon fluid intake and may dissolve.20%8
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Despite being soluble in water, PVA is rather resistant to most organic solvents, which makes it useful
for various applications, such as textiles, food packaging, paper products and, more recently, tissue

engineering.206.207

PVA is biocompatible, can be sterilized and, like most hydrogels, has good swelling properties. However,
its longevity in vivo is compromised by its mechanical characteristics such as the YM, which allows for

high swelling ratios, and UTS.

Currently, there are already some clinical applications of PVA, such as surgical sponges, contact lenses
and hydrophilic coating for catheters, etc.® For all these reasons, it has become an attractive material
for cartilage replacement applications. This application for PVA was first proposed in the literature circa
19702%°. PVA is biocompatible, can be sterilized and, like most hydrogels, has good swelling properties.
However, its longevity in vivo is compromised by its mechanical characteristics such as the YM, which

allows for high swelling ratios, and UTS.

To reinforce its mechanical behaviour, multiple methods can be employed, from altering the preparation
of hydrogels to seeking adequate additives that can benefit the overall construct. Freeze-thawing (FT)
is a common production method which induces hydrogen bonds between water and the semi-crystalline
polymer. Sasada et al’® were able to increase the mechanical strength of hydrogels from 0.1 — 2.8

MPa2% to around 10 MPa by variation of the FT cycles only.

Swieszkowski et al'* developed a PVA-based cryogel to be used in total shoulder arthroplasty (TSA).
Currently PE is used as the bearing surface of the glenoid component. In silica replacement with a PVA
cryogel predicts a higher contact area between the articulating surfaces and, as consequence, lower
wear and higher lubrication. Additionally, they propose that the shock absorbing properties of PVA may
mitigate loads at the bone-implant interface which could prevent aseptic loosening. To the best of the
author’s knowledge, this is the only study that reports PVA as a method to increase the lifetime of total

replacement implants.

Alternatively, PVA may also be combined with other materials to produce a more suitable and stable

material, according to the application.12-14

Thomas et al?1° were among those who addressed the suboptimal mechanical properties of PVA-only
hydrogels. The introduction of hydrophobic segments within the matrix was found to increase shear,

creep and tear strengths without compromising its swelling behaviour and tribological properties.

Bichara et al'4 identified the limitations regarding restoration of craniofacial cartilage using autologous
tissue or PE, and developed a chondrocyte-seeded PVA/alginate formulation. A portion of the resulting
hydrogels were implanted in nude mice. Others were further cultured in a spinner flask bioreactor for 10
days prior to implantation. Higher levels of GAGs and collagen type Il were present in cultured hydrogels,
which manifested as a 22% increase in their compressive strength. Alginate was also used by Scholten
et al'*®®, Their construct allowed for cell migration, was capable of releasing biological factors and had

similar mechanical properties to those of the joint.

20



PLGA was used in the form of microsphores as a PVA additive by Charlton et al.1®” The materials were
studied as a function of PLGA content, which was expected to help integrate growth factors and
chondrocytes. A higher level of PLGA seems to increase hydrogel porosity without strongly affecting the

swelling behaviour and the aggregate modulus.

Abedi et al'83 combined collagen with PVA to facilitate the transplantation of autologous MSCs in rabbits.
After 12 weeks, the PVA/collagen/MSC construct had ameliorated chondrocyte morphology, continuous

subchondral bone and formation of thicker cartilage VS the control group.

PVP is widely reported in the literature as a good complementary material to PVA.12:211.212 |t is a synthetic
polymer that possesses good biocompatibility and a tissue-like consistency, high elasticity, mechanical
strength as well as excellent tribological behaviour.23 PVP and PVA are miscible, due to hydrogens
bonds that form between hydroxyl groups in PVA and carbonyl groups in PVP.214 These hydrogen bonds
improve mechanical properties, hence why a mixture of both may prove advantageous. Ma et al*?
determined that the optimal formulation for a PVA/PVP hydrogel was a 15 wt% solid solute hydrogel
with 1% PVP. At 1% PVP, the mechanical and lubrication properties were improved. Also, the 3D

structure and water content were found to be similar to articular cartilage.

Another possible approach is to resort to crosslinkers and increase the network density. One example
of such is glyoxal, a known antimicrobial dialdehyde that has been found to be biocompatible and is
already used in the disinfection of dental equipment and rooms in dental practices equipment 215, Several
studies have been investigated the use of glyoxal as a chemical cross-linker in hydrogels or as injectable
materials for biomedical applications?16-218 | including PVA-based materials?!®. It was reported that
glyoxal is able to induce cross-linking in PVA through acetal bonds with hydroxyl groups from PVA and
that the presence of a very small quantity of cross-linker can influence the polymer network and affect

important properties such as the swelling capacity and the mechanical properties.21°

Cartiva® by Carticept Medical is a proprietary PVA-based hydrogel that has entered the market in recent
years. It exhibits properties close to that of the natural cartilage and has been approved by the FDA.?20
It is a cryogel, which means its production consists of successive freeze-thawing cycles — an effective
technigue to control the mechanical properties of a hydrogel, as previously mentioned.??! Cartiva® is
indicated for osteoarthritis of the big toe in the US, Canada, Brazil and the UK. It is often offered as an
alternative to joint fusion, which is known to lead to complications in the long-term as the body adjusts
to different load distributions.?22 In Canada, Brazil and the UK, the PVA-based cryogel has also been
approved for osteoarthritis at the base of the thumb and for localized knee chondral defects.?23 A study
reports the 5 to 8 year follow up of Cartiva® localized knee implants in patients. While most patients
showed improvement of knee function, this product was not completely effective in more advanced
osteoarthritis cases which ultimately required TKA.?24 Thus far, no reports of clinically approved
hydrogels for TKA or THA implant lining have been released. Hence, there is a gap in the medical market

for advanced lining materials for metallic prostheses.
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In the scope of this thesis, the main objective was to characterize different recipes of PVA hydrogels
(PVA-H) as potential cartilage replacement for the rubbing surface of TKA or THA. The variables in
study were: molecular weight (Low, Medium, High) and additives (none, PVP, PVP + glyoxal).

A total of nine different PVA hydrogels (PVA-H) were fabricated by cast drying. (Fig. 9). PVA was
obtained from different sources as listed in Table 5, PVP-K30 was obtained from BASF SE and 40%
w/w aqueous solution of glyoxal was purchased from Alfa Aesar. The nature of the experiments
demanded the production of two different thicknesses of gels (approximately 0.5mm for thin gels used

for characterization methods that work best with film-like samples and 1.5mm for thick gels, used in

mechanical tests).

Average PVA Molecular Weight (g/mol)
40500 145000 166000

None

Additives
PVP
ﬂ'
0
<
)

PVP + Glyoxal
ﬂ -
S5

Figure 9: Diagram of the variation in composition of the produced PVA hydrogels.

Table 5: PVA powders used and some of their characteristics.

_ Degree of
Supplier Mw ) Form
Hydrolysis
PVA L Sigma Aldrich 31000 - 50000 98-99% Crystalline powder
PVA M Kuraray ~ 145000 87-89% Small crystals
PVAH Sigma Aldrich 146000 - 186000 99+% Crystalline powder
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The gels were prepared with an initial concentration of PVA of 15 wt% (all varieties listed in Table 5.),
following data collected from previous literature 12211225-227  Nine different solutions were prepared
according to Fig. 9, were PVP was used at a concentration of 1912211212 of the solid solutes, and glyoxal
at 0.02%228, Glyoxal was introduced as a separate solution combined with chloridic acid (HCI) as a

reaction catalyzer, 219.229

10 mL (for thin gels) or 75 mL (for thick gels) of PVA solutions were prepared by dissolving the solute in
DD water in an oven at 95°C for 24 hours. At the intermediate time10-15hr the solutions were stirred
using the vortex. An additional step was performed whenever air bubbles were still present in the
solution after the 24hr period — the solution was subjected to sonication inside a 95°C water bath to keep
viscosity at a minimum and allow the release of air bubbles. The solutions were then cast into glass

molds (e.g. petri dishes) and placed in a 37°C oven with limited air circulation.

This drying step is crucial for the outcome of the process. If the samples are left to dry under non-
controlled conditions, there is a tendency for the formation of stretch marks, which results in a
heterogeneous surface and therefore a variable thickness through the sample. On the other hand,
vacuum causes a rapid evaporation of water, which boils at the surface of the gel and disrupts the

surface.

The thicker gels were still viscous after 24hr and therefore had to be left to dry for an extra day. After
the gels partially hardened, ventilation was reintroduced into the system to accelerate the drying process

and samples were left at 36°C with air circulation until solvent evaporation was almost complete.

Finally, the gels were washed. The samples were submitted to 24h washing cycles using DD water, until
dissolved substances were no longer detected. The water was renewed and analyzed in a Multiskan
GO 1.00.40 spectrophotometer after each cycle (start wavelength: 200nm; end wavelength: 700nm).
Washing times seemed to be longer in the presence of additives, while the molecular weight of PVA

seemed to have no influence over it. Samples were considered clean at absorbance values below 0.1.

When a dry hydrogel is placed in water, the liquid penetrates the matrix and initiates a cycle of expansion
of the network. At the equilibrium, where elastic and osmotic forces are balanced, this process stops.

Macroscopically, this manifests as an increase in 3D geometry.

When physically cross-linked PVA gels, as those used in this work, are immersed in water, elution also
occurs: low-molecular-weight PVA is released into the external medium (water) until an equilibrium state
is achieved. This elution behavior is inevitable in PVA cast gels, and depends on the size, number, and
distribution of the microcrystallites present in the polymer, characteristics that are determined by the

drying conditions of the material, namely temperature and humidity?23°,

The test conditions to measure the swelling ratio were thus defined as follows: Pre-washed, hydrated

gels were cut into 20mmx5mm strips and dried at 36°C until the mass stabilized. The dry samples were
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then placed inside 15ml lab falcons with 2ml of DD water each, shielded from the light. The PVA-H strips
were kept at 36°C, a temperature close to that of the human body, and the mass was measured
throughout a day until a peak was reached — typically four measurements over the course of 3 hours
were sufficient -, and then a week later. The excess moisture in each sample was carefully removed

before each weighing. At least 3 repetitions were performed for each formulation.

The percentual swelling ratio, %SR, is defined as follows:

Wh — Wq
%SR = —x 100 1)
Wa

Where w, represents the weight of the dried sample and w, represents the weight of the hydrated
sample.

Knowing the dry and wet weights of the sample, it was also possible to extrapolate what percentage of

the wet weight was water.

Wh — W,
%EWC = — x 100
Wh 2

Where w, represents the weight of the dried sample and w, represents the weight of the hydrated

sample.

3.2.2. WETTABILITY

Wetting is defined as the ability of a liquid droplet to spread over a fluid or solid surface. It is a surface
property of materials that depends on the adhesive forces between the liquid and the surface, and the
cohesive forces that exist within a liquid. Typically, wettability is measured through the contact angle.
With a measured angle below 90°, wettability is considered high, while above 90°, it is considered low

(with 0° and 180° corresponding to perfect wettability and perfect non-wettability, respectively).

According to the Young-Dupré Equation, there is a relationship between the contact angle and the

surface energies between the phases.

Gas

.

(0]

Q
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Figure 10: Three-phase system diagram for the determination of the contact angle.
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where vy is the surface free energy of the solid, v, is the interfacial tension between the liquid and the

solid, gy, is the surface tension of the liquid and 6 is the contact angle. The equation applies to three-
phase systems in thermodynamic equilibrium, and assumes that the solid phase is smooth and rigid,
which is not always the case. In these instances, corrections or other methods may be applied. For the

sake of simplicity, however, an approximation to an ideal surface is commonly used.

The contact angle is commonly measured through the sessile drop or the captive bubble method. In the
body, cartilage is continuously immersed in synovial fluid, i.e. it is continuously in a hydrated state. To
perform the wettability tests in conditions as close to natural as possible, the gel had to be pre-stabilized

in water. Therefore, the captive bubble method is the most adequate.

Figure 11. - An example of a captive bubble of air in a liquid environment and the measured contact angle.?3!

Hence, the wetting properties of the hydrated gel were determined by calculating the contact angle (6)
at the three-phase contact point between the tangent to the contour of a captive bubble (air) and the

surface of the sample immersed in DD water. (Fig. 11)
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Figure 12: Test set-up for the measurement of the contact angle of a captive bubble of air against PVA-H.

To carry out the captive bubble procedure, a goniometer with a set-up as shown in Fig. 12 was used -
A JAI CV-A50 camera, connected to a Data Translation DT3155) frame grabber and supported by a Wild
M3Z optical microscope. During 5 minutes, 17 images of a single bubble were acquired. The value of
the contact angle was measured on picture 17, when the bubble was stable. 7 to 10 consistent bubbles

were done for each hydrogel.

3.2.3. THERMOTROPIC BEHAVIOUR

Differential Scanning Calorimetry (DSC) is used to study the thermal transitions of polymers, such as
melting temperature or glass transition. Two crucibles — an empty reference crucible and one with the
polymer sample inside — are heated at a constant rate. When the sample undergoes a phase transition,
more or less heat will need to flow to it than the reference to maintain both crucibles at the same

temperature, depending if the process is endothermic or exothermic

In DSC, the difference in the amount of heat required to increase the temperature of the sample and
reference is measured as a function of temperature. A Netzsch DSC 200 F3 Maia machine was used
for this purpose. The equipment was controlled with the DSC 200F3 software and the results were

analyzed on Proteus Analysis.
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Figure 13: DSC set-up.

The technique was performed in two ways, depending of the state of hydration of the samples. The
hydrated samples were subjected to a full heating and cooling cycle, ranging from -35°C to 40°C at a
rate of 10°C/min. In this test, the intention was to observe the amounts of free and loosely bound water

in the samples.

The test was also performed on dry samples. The goal was to detect the glass transition temperature
(Tg), the temperature at which the amorphous regions of a polymer transitions from a glassy state to a
rubbery one, the melting temperature (Tm), the temperature at which the crystalline portions transition

from a solid to a liquid state and the degree of crystallinity of the polymer.

In the literature, Tg of PVA is between 85-88°C 232.233.13 the Tm is at approximately 210-219°C 232.13.233
and thermal degradation occurs as a two-step degradation at 300-450°C and 450-550°C 13234, Based
on this information, the dry samples went through one cooling cycle, one heating cycle and one cooling
cycle again, from 20°C to 250°C at a rate of 10°C/min. The goal was to study the effect of the composition
on the thermotropic behaviour of the gels, namely variations in glass transition temperature enthalpy of

phase transition.

For the dry test, the samples were previously cut into small pieces, dried at 36°C for 5 days with
ventilation and then for an extra 5 days at 36°C with vacuum, totalizing 10 days of total drying time.
Samples weighed approximately 3mg each. The equipment is very sensitive to water, rendering
inaccurate results if the samples were not conveniently dried. Even at a small size, these ability of these
gels to retain water is extremely high which is why vacuum became necessary. After drying them

thoroughly, the samples were kept in a desiccator until use.

The degree of crystallinity was calculated as follows:

Crystallinity (%) A 100
rystallinity (%) = *
AH
£ (4)
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Where AH; is the specific energy/enthalpy of the sample, and AHg, is the enthalpy of pure PVA (138.6
JIg). 235

The percentage of free water in the samples was calculated as follows:

AHf * Wp
_ AH
% Free and loosely bound water = w %EWC * wy,

100 ©)

Where AH; is the specific energy of the sample, w, is the weight of the hydrated sample, %EWC is the

percentual equilibrium water content and AH,, is the enthalpy of water (334 J/g)23¢

All tests were performed in at least duplicate.

Tensile, compressive and shear testing are typically the methods employed to investigate the
mechanical properties of a certain material. In this case, both tensile and compressive tests were
conducted.

When a tensile force is applied to a material, it either extends, first reversibly and then irreversibly, or
breaks. Because force and extension depend on factors like the dimensions of an object, a single
measurement cannot describe all objects made of a certain material. Stress (o) and strain (g), however,
are independent of the 3D dimensions of a material, and are therefore more useful to establish
comparisons and to determine characteristic properties of the material. Stress (o) equals the force (F)
per unit of initial cross sectional area A,, whereas strain (g) is defined as extension (AL) per unit of
original length(L,). The nominal stress and the nominal strain are defined, respectively, as follows.

F g = AL

40 ko (), (7)

By plotting the stress against the strain, the characteristic stress-strain curve of the material (called the
engineering curve) can be obtained (Fig 14):
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Figure 14: A typical stress-strain curve of an elastic material.

The Young’s modulus or modulus of elasticity (E) is the proportionality constant between the stress and
strain in the linear region, and serves as a measure of stiffness of the material. It depends on the
interatomic forces: the stronger the bond, the higher the value of E is and thus, the higher the stiffness.
This property can be calculated using Hooke’s Law:

o

E=- )

where E is the Young’s modulus, o is the stress and ¢ is the strain, as referred above. The Young’s

modulus was extrapolated from tension and compression stress-strain curves.

The ultimate tensile strength (UTS) is the maximum stress that a material can withstand while subjected
to a tensile force. It occurs in the plastic region of a material after the yield point (if it exists), and before
the formation of a neck, where strain increases but stress decreases due to the decrease in the cross
sectional area. The maximum tensile strain may also be used to specify the failure of a material. Tensile
strain capacity is the maximum strain that a solid can withstand without forming a continuous crack. This

measurement was based on the data of the tensile test.

Fracture toughness is the energy absorbed by a material before fracture. It can be calculated by
integrating the stress-strain curve from the beginning of the test to the moment of rupture. In other words,
mathematically, toughness is the area under the entire test curve, but it can be calculated to a given
stress or strain level. Toughness is higher in more ductile materials, which can withstand stronger forces

and deform more before reaching rupture. In this work it was obtained from the tensile test curves.
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Solid objects have an asymmetric equilibrium position at the atomic level that results from the
asymmetric form of the Lennard-Jones potential. For this reason, interatomic forces in solid materials
resist tensile and compressive forces alike, but there is an overlap in the set of inferable properties of
each test. PVA is expected to exhibit a viscoelastic behaviour, which in compression conditions is
characterized by an initial, linear stage, where the deformation is reversible (elastic region), a plateau,
characterized by entropic changes between entanglements of polymer segments and finally,
densification raise, where the non-crystalline segments are arranged orderly and the free volume within

the amorphous phase decreases.
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Figure 15: A typical stress-strain curve of a viscoelastic material.

Tensile tests were performed on a TA.XT Express Texture Analyser with miniature tensile (serrated)
grips by applying force to the test samples. The most reproducible results were obtained for flat tensile
specimens, cut out of the thicker gels using a custom-made punch. (Fig. 16. Dimensions: a gage length

of 8mm and 2mm width, a distance of 15mm between shoulders and an 8.5 mm grip section.)
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Figure 16: Schematic of the appearance of the custom-made punch.
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Miniature tensile grips were attached to a TA.XT express texturometer. The grips were set to a
calibration height of 15mm and a maximum displacement of 80mm, at a constant strain rate (Lmm/sec).
Additionally, sandpaper was glued to the grips, to prevent slippage of the hydrated gels. Stress-strain
curves were then obtained, the Young’'s Modulus was extrapolated from the linear/elastic region of the
curves and the ultimate tensile stress and maximum strain rate were measured, as well as the material

toughness. A minimum of 3 repetitions per sample were done.

Figure 17: Test set-up for tensile testing.

Unconfined compression tests were performed on 8mm diameter circular PVA-H samples. The test was
conducted in a homemade equipment with customized software on LabViewer. To achieve unconfined
compression, an indentation attachment was placed on the machine and a small, 10mm diameter
circular titanium piece was placed on top of each of the samples. 25N of force were applied to the
hydrated hydrogels and the resulting data were analyzed to extrapolate the Young’s Modulus and

compressive toughness. At least 4 specimens of each sample were tested.
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Figure 18: Test set-up for compressive testing.
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The task of producing reproducible and homogeneous PVA-based hydrogels was not simple nor

straightforward.

The

literature presents a wide variety of methodologies,

additives, solute

concentrations, PVA molecular weight, etc. The compositions chosen for this work were based on

studies that determined the optimal concentration of PVA and other compounds??, without the use of

solvents or crosslinkers known to increase toxicity??. Hydrogels containing only PVA (with different

molecular weights) were prepared following two distinct methodologies: freeze thawing (FT) and cast

drying (CD). The table below summarizes the used conditions for hydrogel production and their

outcomes.

Table 6 summarizes the tested methods for hydrogel production and their outcomes.

Table 6: Summary of tested protocols used for the production of PVA hydrogels and their results.

Process
#1 FT
#2 FT
#3 CD

Method Result

Manual dissolution of solutesin  No gelation
DD water at 95°C with magnetic
stirrers. Removal of air bubbles
with sonication for 5 minutes.
Pre-gel solution was poured
between two pieces of sylanized
glass at the distance of 0.5mm.
3 FT cycles were performed: 1h
at -80°C in the freezer, 1h at
room temperature.

Dissolution in oven at 95°C for Translucent,
24 hours in physiological saline. | very soft gel
Removal of air bubbles with that

sonication for 5 minutes. Pre-gel = disintegrates

solution was poured into a glass = (Fig. 19)
mold. 5 FT cycles were

performed: 16h at -20°C, 8h at

room temperature.

Dissolution for 20hrs in a flask in = Transparent,
an oven at 85°C in DD water. highly striated
Solution was agitated for 10 gel (Fig. 20)

after dissolution to

bubbles.

minutes

release air Pre-gel

Observations

PVA clumps form at the bottom.
Dissolution is possible but the
solution is too viscous for magnetic
stirrers and it is very time-
consuming.

The sylanized construct traps the
water and blocks oxygenation
which prevents crystallites from

forming within the gel.

The resulting gel was very fragile
and not very easy to manipulate.
Swelling tests showed that the
mass of the gel decreases over the

course of a week.

The solution is not completely
dissolved, which suggests more
time or a higher temperature might

be needed.

33



#4 | CD
#5  CD
#6 | CD

solution poured onto glass molds
and left to dry at 37°C until

evaporation was complete.

Variation of #3, where gel was

left to dry at room temperature.

Dissolution in oven at 95°C for
20 hours in a falcon. Very gentle
agitation and sonication for the
removal or air bubbles. Pre-gel
solution poured onto glass mold
and left to dry inside a weakly
sealed vacuum desiccator at
room temperature overnight,
and then in an oven at 37°C with
vacuum.

Dissolution in oven at 95°C for
20 hours. Pre-gel solution
poured into glass mold and left
to dry in an oven at 37°C in

vacuum.

Transparent,
highly striated
gel (Fig. 20)

Transparent,
very flat,
homogeneous,
thin gel —
perfect! (Fig.
23)

Air bubbles
form and
solidify in the
gel, rendering
a completely
unusable
surface. (Fig.
21)

Agitation at room temperature is
advised against, since the solution
cools down, becomes more viscous
After

reheating, a

and starts to solidify.
sonication  and
significant amount of air bubbles
formed and were trapped in the
viscous liquid.

The flask is not the appropriate
geometry for such a viscous
solution, and as a result a lot of it is
lost.

As soon as air touches the pre-gel
solution, it begins to solidify and
striations form along the gel
surface.

The harsh thermal transition does
not seem to help create a smooth
surface for the gel. Striation occurs
almost immediately.

Vacuum was achieved through a
water pump that ran continuously.
The huge waste of clean water, the
fact that it employs the only water
source in the laboratory for
extended period of time and limited
capacity of production inside the
desiccator make this a very
impractical and wasteful method,
although effective.

Because oxygenation affects the
surface of the gel negatively,
oxygen deprivation seemed a
viable option. Attempt #5 showed
promise with vacuum. Later it was
observed that the water pump
creates a weakly sealed vacuum
that likely controls air moisture
without being too aggressive,

allowing for a slow release of
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#7 | CD

Dissolution in oven at 95°C for
24 hours. Agitation was
performed at the 15 hour mark
using the vortex. Pre-gel
solution poured into glass mold

and left to dry in an oven at

37°C, without vacuum.

Figure 19: Partially desintegrated FT gel.

Transparent,
flat,
homogenous
thin gel (Fig.
23 and 24)

remaining air bubbles. When it is
moved to a stronger equipment, a
lot of the water has already been
removed and the gel is partially
solidified. The direct transition to a
strong vacuum causes sudden
evaporation of water, which boils at
the surface of the gels. The
bubbles are trapped upon gelation.
It was hypothesized that by giving
the solution more time to rest after
agitation, the air bubbles might
subside. The dissolution was
extended to 24hr to accommodate

for this period.

Figure 20: Striations on the gel upon

rapid cooling and oxygen exposure of the pre-gel solution
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Figure 23: Thin PVA hydrogels: up and side views.
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Figure 24: Thick PVA hydrogel.

This trial-and-error period culminated in the choice of the 7t iteration of the protocol (Table 6), which is
more thoroughly explained in section 3.1.. This specific version of the CD method was deemed the best
method for the production of PVA-H for this work because it is faster than FT from the moment of
deposition, because it is possible to obtain thin-film like gels (CD gels shrink when the solvent
evaporates while FT do not) and because the surface both in thin and thick gels is mostly flat and

homogeneous. (Fig. 23 and 24)

It is noteworthy to point out that the preparation of the pre-gel solution itself presented some issues,
which was adjusted as new protocols were tested. At a first stage, pre-gel solution was mixed using a
magnetic stirrer at 95°C. This method is ineffective because dissolution, although possible, is too time-

consuming and the solution is too viscous for a magnetic stirrer.

Concerning the containers, the first strategy involved using flasks, adding the solid solute and making
up to volume. This method did not work because the shape of the flask is inadequate for the viscous
nature of the solution, and PVA clumps at the bottom. It solidified on the flask walls, being extremely
difficult to remove the remainder of the material from its walls. Furthermore, the high temperatures at
which the flasks were subjected deform them permanently. So, laboratory falcons were used. Two
issues came with their use: formation of air bubbles and loss of solution. The first attempt revealed that
when water follows the solid solutes, water is unable to penetrate until the bottom of the container. This
resulted in very large, irremovable air bubbles. To counter this issue, a small amount of water was
poured first, followed by the solutes and only then, made up to volume. This helped to minimize the
formation of air bubbles. Agitation mid-solution also plays a role in the formation of air bubbles. Vortex
agitation helps to release bubbles at the bottom. However, strong manual agitation is discouraged
because the lid is not air tight and when the solution fully blocks the lid, very large air bubbles form that

do not disappear with the vortex. Instead, gentle, slow agitation where the solution has minimal contact
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with the lid is preferred. Another measure to minimize air bubbles is to pour a small amount of water
before mixing in the solute — this way, water penetrates the PVA powder and there is less tendency for

the formation of air pockets.

Loss of solution always occurred. In instances where the falcon lids were sealed as tightly as possible,
results were unpredictable and occasionally the lid would burst from internal pressure. Working at 95°C,
it naturally follows that part of the solution would evaporate. Posteriorly, the falcons were loosely closed.
While the integrity of the lid was no longer compromised, air circulation still made partial evaporation
possible (although it improved). This effect was particularly noticeable in more viscous solutions. The
inconvenient side effect to his occurrence is that preparing 10mL of solution did not necessarily implicate
10mL of usable solution, not only due to the partial evaporation but due to the intrinsic viscosity. After
removing the solution from the oven one must work fast, since it immediately starts to cool down and to
solidify. Having to do the deposition step quickly made it extremely challenging to guarantee a consistent
thickness in a batch. This was particularly key for mechanical testing, where it was desirable for

thickness to be as consistent as possible.

While this protocol was perfectly adequate for thin gels, it does not translate seamlessly to thicker gels.
Upon gelation, PVA-H contracts about an axis and the flat shape is not easily restored through swelling,
which did not occur in film-like gels. To add to that, there is a lot more variability in the thickness of these
gels, with one single gel presenting different thicknesses at separate points. This is partly due to the
loss of solution through partial evaporation in the dissolution step, which limits the amount of material
available, but it can also be attributed to the viscosity of the solution, as previously mentioned. More
viscous hydrogels (PVA H and PVA M) formed striations faster and more often than more fluid ones
(PVAL).

Thicker gels are prone to a lot more variation, and small tweaks in temperature and aeration did not
produce visible changes. Notwithstanding, the obtained gels produced generally consistent results.
While the gels were perfectly usable, the protocol is clearly less reproducible at a larger scale and if a
specific 3D architecture eventually becomes necessary, changes should be made in either the

composition of hydrogels, the drying temperature or the aeration of the atmosphere in the vicinity.

FT hydrogels are more frequent in the literature than CD hydrogels. Research so far suggests that FT
might be the best method for PVA gelation, as the freezing cycle promotes crystallization of the gel and
its properties can be attuned as a function of number of FT cycles!2. Even though a few studies suggest
the ideal hydrogel combines the advantages of FT and CD?25226 FT PVA gels are generally reported to
exhibit better, more customizable properties without compromising biocompatibility with the addition of
crosslinkers or other molecules that can introduce toxicity.?? As so, it would be in the best interest of
the future course of this project to elaborate a FT protocol to compare its properties with those of CD

gels.

It was observed that dissolution occurred in gels at temperatures of 95°C and, consequently, that gels
were physically, not chemically, cross-linked. Even though the gel was proven to be stable up until

temperatures of 50°C, sterilization is often performed by autoclaving the hydrogel at 120°C237.238 which
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would be impossible for these samples. An alternative to autoclaving is ionizing radiation (gamma rays),
which has the advantage that gelation and sterilization are achieved in one step, and it can be

incorporated into the protocol to tailor the swelling behaviour and the mechanical properties of the

ge|.239—241

4.2. SAMPLES CHARACTERIZATION
4.2.1. PHYSICAL PROPERTIES
4.2.1.1. SWELLING BEHAVIOUR

Swelling is extremely fast in all samples, denoting the high hydrophilicity of PVA and PVP.?42 In 30
minutes, equilibrium swelling is almost reached. In all %SR profiles except for pure PVA samples, the
swelling ratio peaks at the 30-minute mark, and stabilizes at a slightly lower value over the course of a
week. Initially, water penetrates the samples and the gel network expands. This induces the
rearrangement of polymer chains, stimulating the formation of new hydrogen bonds between PVA
molecules. The balance between the rates of osmotic diffusion and rearrangement of the chains is a

possible explanation for this overshooting phenomenon.243

A typical %SR profile for a PVA sample of this kind can be found in Figure 25. All the individual %SR of
PVA hydrogels can be found in Section 8 (Fig. 45 to 52).

Typical %SR profile for PVA hydrogels
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Figure 25: Typical %SR profile for PVA hydrogels displaying an overshooting phenomenon at the 30-minute mark.

The data analysis of %SR and %EWC can be found below in Table 7. A visual representation of this
data can be found in Section 8 (Fig 52 and 53).
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Table 7: Average Swelling Ratio (%) and Equilibrium Water Content (%) for the tested gels.

Material %SR %EWC
Native Cartilage - 65 - 85
PVA Hydrogels in the literature FT: 40 — 7044
FT: 100 - 150%%% 61 — 70246:248
CD & FT: 260 - 320%46.247

PVA L 195+ 2 66.1+0.3
PVAL + PVP 238+ 19 704+ 1.7
PVAL + PVP + G 308+ 14 75.4+15
PVA M 163+ 2 62.9+0.7
PVA M + PVP 166 + 11 624+ 15
PVAM +PVP + G 184 £ 6 64.810.7
PVA H 138 +3 58.0+ 0.6
PVAH + PVP 149+ 6 598 + 1.0
PVAH +PVP +G 152+ 8 60.2 1.3

%SR of PVA hydrogels VS molecular weight and additives
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Figure 26: Qualitative summary of the trends of the %SR of PVA as a function of additives and molecular weight.
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%EWC of PVA hydrogels VS molecular weight and additives
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Figure 27: Qualitative summary of the trends of the %EWC of PVA as a function of additives and molecular weight.

The swelling rates varied between 138% and 308% across the board. In terms of water content, the
water content in progressively lower as molecular weight increases. This is consistent with the concept
that heavier chains form a tighter network of bonds, thus leaving less space in the amorphous region of

the gel for water to fill.246

Cartilage is approximately 65% to 85% water6. All gels seem to be within or very close to the %EWC
range found in the human articular cartilage. Moreover, the values obtained are in accordance with
values from the literature, including recent research that compares the swelling properties of PVA/PVP
hydrogels with the exact same polymer proportions, which showed results for the EWC in a similar range
(61% - 70%).24%2%8 These findings are thus not only consistent with comparable work by other authors,
but also with the water content in the deep zone (65%), which is responsible for most of the mechanical

resistance of cartilage.?*°

The swelling ratio seems to have gathered less consensus thus far, with very different percentages
observed in the literature. One study using the same CD method rendered a SR of around twice as
much as the PVA hydrogels testes for this thesis.?*’ It is noteworthy to point out that in this study, the
polymer concentrations were different (up to 5 %wt). In the literature, the swelling ratio is frequently used
as a means of relative comparison between test samples only, whilst the water content is usually

compared quantitatively to reference data.

Other than in PVA L, the presence or absence of additives did not seem to have a very considerable
effect in the swelling behaviour of the samples (Table. 7). Generally speaking, however, it would appear
that PVP causes the swelling capacity of the samples to increase. This is possibly due to the chain
rearrangements that take place when PVA and PVP crosslink — bulky pyrrolidone rings interrupt PVA
crystalline chains and form larger pores.?#22%0 |t has also been hypothesized that the high affinity to

water in amide groups is a possible explanation to the increased swelling capacity in PVP hydrogels.?
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Oddly, the presence of glyoxal seemed to have little to no effect on the swelling behaviour of the material.
The numbers are ever so slightly above those of PVA + PVP, although the standard deviation is an
indicator that in all likelihood, glyoxal was not effecting the PVA gel structure. One of the expected
effects of chemical cross-linking of gels is the formation of strong covalent bonds, and as a

consequence, the insolubility of the polymer.25t

It was hypothesized that perhaps chemical crosslinking did not occur. For this reason, there was an
attempt to solubilize the hydrogels at two different temperatures. Firstly, the original gel preparation
parameters were reversed, i.e., solidified gels were submitted to temperatures of 95°C in an attempt to
reverse the gelation process. The gel dissolved and became an agueous solution again, which reflects
the little impact of the small percentage of glyoxal used. As little as 5uL of a 40% glyoxal solution in a
25mL solution has been used by Conte et al??8. The use of glyoxal in this thesis was modeled after this
work. However, more than one crosslinking agent is used is the same gel and Conte et al. are not able
to quantity the degree of crosslinking induced by each crosslinking agent. Zhang et al?1%, however, have
studied the relationship between crosslinking density of PVA as a function of glyoxal concentration. They
use only as low as 9% glyoxal content. This concentration of glyoxal resulted in less than 1% crosslinking
density when measured in a deuterium oxide environment and was undetectable in DMSO. Thus, the

possibility that not enough glyoxal was used cannot be ruled out.

As reported by the literature, the reaction between PVA and glyoxal occurs at a low pH (3.7~4), which
is achieved by adding HCI as a catalyst. 21922° As a result, in theory, the gels containing glyoxal should
have been formed under acidic conditions, which is known to affect crosslinking patterns and, thus, the
gel properties, especially mechanical properties.?>2 As will become apparent in Section 4.2.2., no
significant mechanical differences were observed between gels with and without glyoxal. In light of these
findings, the author proposes that the quantity of glyoxal was not enough or that the amount of HCI

present in the solution was not enough to catalyse the crosslinking reactions.

The normal internal body temperature in humans is around 37°C, although it may vary by 1°C in healthy
individuals.253 A fever of 40°C induces mechanisms of cellular damage, local and systemic effects and,
often, irreversible organ injury?>4. On average, death occurs at a temperature of around 45°C255,
Depending on its molecular weight, PVA becomes soluble at temperatures between 70°C to 98°C.
Taking this information into consideration, there was a second attempt to reverse the process, at 50°C.
The gel structure did not dissolve and seemed to be stable at this temperature. A study performed in
similar conditions (15 %wt PVA hydrogels) reports solubility of the gel from 60°C upwards.?5¢ As so, it
can be concluded that these cast-dried PVA-H samples are physically (not chemically) crosslinked and

stable for temperatures compatible with human life.

The importance of swelling behaviour stems from its connection to the mechanical and tribological
properties of the hydrogel, as well as how it impacts the risk of implant failure. In 2007, PVA hydrogels
were used for treatment of knee cartilage defects in adult rabbits. Results revealed growth over the
implant and implant shrinkage.?>” Gels can react to osmotic gradients and swell and de-swell
accordingly, even in hydrated conditions. This volume change may induce detachment from the tissue

or implant and interfacial debonding. For this reason, this is perhaps one of the most important aspects
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to consider when measuring the swelling properties. In this sense, a lower swelling capacity would be
desirable, since it would provide a greater stabilization in the contact surface or attachment between the

PVA implants and bone or metallic alloys.

4.2.1.2. WETTABILITY

The contact angle obtained for the produced PVA hydrogels is generally low, which indicates high
hydrophilicity. The swelling behaviour of these samples, which swell up to 3 times their dry weight, is in
line with these results. On average, the contact angle decreases, and thus wettability increases, with
the increase of the molecular weight of PVA (Fig.28). A possible explanation would be that the length of
the heavier PVA chains may be a limitation in the assembly of tightly packed chains upon gelation, thus

forming larger amorphous regions.
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Figure 28: Qualitative summary of the trends of the contact angle of PVA as a function of additives and molecular weight.

It can also be observed that, the addition of PVP and glyoxal increases the wettability of the samples.
The concepts that are believed to explain the swelling behaviour of the samples may also be employed
for the wetting properties of the material: bulky pyrrolidone rings may prevent the formation of tigher
bonds within the PVA and form large pores?42250, and the high affinity between water and amide groups

in PVP may further contribute to the hydrophilicity of the gel.*?

Glyoxal made the samples more hydrophilic, the exception being PVA H + PVP + G. The decrease of
the contact angle with the increase of crosslinking agents has been reported before.2%8 |t is possible that
the addition of glyoxal hardened localized clusters of high bonding density, giving rise to inhomogeneity
in the polymer surface. This interfered with the cohesive bridging flocculation of the polymer, decreasing

the contact angle.?°
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Figure 29: Picture of measured captive air bubble angle.

Table 8: Summary and comparison of measured contact angle in PVA-H VS the literature.*8505556

Tissue

Normal human AC
Normal bovine patella
Human knee
Arthritic Knee
Human hip

Arthritic hip

PVA in the literature
PVA L

PVA L + PVP
PVAL +PVP +G
PVA M

PVA M + PVP
PVAM+ PVP +G
PVAH

PVA H + PVP
PVAH+PVP +G

Contact angle (°) Method
94 - 105
100
80
63
76
56
37 — 45 260261 Captive Bubble
50+6
50+4
39+5
48+ 8
38+6 Captive Bubble
33+3
45+ 3
31+4
32+4

Sessile Drop
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Figure 30: Measurement of the contact angles using the captive bubble method in PVA-H.

The measured angles are drastically different from those seen in the literature for natural cartilage, only
coming close to the values observed for osteoarthritic joints (Table 8, Fig 30). One important factor to
note, however, is that all the data from the literature was obtained by means of the sessile drop method,
as opposed to this work, where the captive bubble method was used. There are important differences
between the two methods: in the sessile drop method, the surfaces are dry or partially dry while in the

captive bubble, the matrix of the material has reached a swelling equilibrium.

Wetting is also not a static state — there are numerous stable metastates of a droplet of water or air
bubble, which explains the variability in the measured contact angles. The sessile drop method is
analogous to the maximum end of the spectra, called the advancing contact angle, whilst the captive
bubble measures the receding contact angle, at the lower end of the range. The true, Young equilibrium
contact angle is seldom reached, due to contact angle hysteresis (the difference between the advancing

and the receding contact angles).

According to the literature, contact angle hysteresis is a consequence of heterogeneity and surface
roughness.262-266 Young’s equation considers and ideal, perfectly flat solid surface, where hysteresis
does not exist. In reality, most surfaces present surface irregularities that act as barriers to the motion
of the contact line, which can alter the macroscopic measurement of contact angles. The surface
topography of PVA-based hydrogels has been extensively investigated. Fig. 30 shows two examples of
PVA hydrogel surfaces SEM images retrieved from the literature. Thus, it is almost certain that
hysteresis exists, and that the values that were measured correspond to the lower end of the range of

stable metastates.
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10.0kV  X9,000 WD 72mm

Figure 31: SEM images showing the surface topography of a) a CD irradiated PVA blend hydrogel?¢” b) a FT PVA hydrogel?58

No reference values for the captive bubble method have been reported for the natural cartilage.
However, cartilage is known to be hydrophilic. The hydrophilicity of these gels means they can absorb
high amounts of water, which could potentially more effectively lubricate the surface.?6°® Compared to
other PVA constructs, the range of values obtained for the contact angle is similar to that observed in

previous research.

4.2.2. MECHANICAL PROPERTIES

Initially, tensile tests were done with flat, 1mm x 2mm rectangular specimens, no more than 2mm thick.
The gels ruptured at the interface of the gels and the grips, which is an indicator that stresses were
concentrating at the grips and not evenly distributed along the specimen. The sandpaper on the grips
partially compromised the structure of PVA-H, sometimes to the point that they fractured even before
the test was conducted, in the case of PVA L. However, without it (and often with it), the hydrated gels
are too slippery. The compressive forces at the grip also decreased the cross-sectional area at the tips,

creating a weak point. The results were not stable.

A homemade customized punch was made in order to produce specimens with an increased contact
area between the serrated grips and the gel and better distribute forces. The goal was to fabricate
specimens where tensile forces would focus along a rectangular length and induce rupture in a narrower
area in the middle. This technique was rather successful: most gels ruptured along the gage length of
the specimen. The protocol for the compression tests, as defined in Section 3.3, was effective and the

resulting hydrogels rendered consistent results as well.

From the data obtained, stress-strain curves were plotted, the tensile and compressive YM were
calculated, and the UTS, the maximum strain rate, the fracture toughness, and the compression strength
were obtained. An overview of the typical stress-strain curves of all the formulations of PVA-H can be
seen in Fig. 32 and 33. The individual curves can be seen in Section 8 (Fig. 55 to 64). The thickness of
the gels was extremely challenging to control, as mentioned in Section 4.1., but the results obtained

were very consistent throughout.
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Stress-strain curves of PVA-H
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0 1 2 3 4 5 6 7 8
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PVAL ——PVAL+PVP ——PVAL+PVP+G PVAM ———PVAM +PYP ——PVAM+PVP+G ——PVAH ——PVAH+PVP ——PVAH+PVP+G

Figure 32: lllustrative example of the tensile stress-strain curves of PVA-H.

Compressive stress-strain curves of PVA hydrogels

1,2
1
0,8
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0.2
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0 0,05 0,1 0,15 0,2 0,25 03 0,35 04 0,45 0,5
Strain
PVAM  ——PVAM+PVP ——PVAM+PVP+G PVAH ——PVAH+PVP ——PVAH+PVP+G

Figure 33: lllustrative example of compressive stress-strain curves of PVA-H.
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The stress-strain curves were plotted from the data obtained from these tests (Fig 32 and 33). As

mentioned in section 3.3, most materials initially exhibit a linear behaviour. Using Microsoft Excel, a

linear trendline was added to the linear portion of the graph only. The reliability of the resulting equation

was on average 0.99. The YM is the slope of the adjusted line for both tensile and compressive tests.

(Fig. 34 and 35)
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Measurement of the compressive YM of a PVA hydrogel
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PVA M Young's Modulus ~ seererees Linear (Young's Modulus)

Figure 34: Measurement of the compressive YM of a PVA hydrogel using stress-strain curves. The yellow line represents the
measured curve, the green line represents the portion of the curve used to calculate the YM and the dotted line corresponds

Stress (MPa)

y =0,0238x+0,026
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to its linear adjustment.

Measurement of the tensile YM of a PVA hydrogel

2 3 4 5 6 7 8
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Young's Modulus ~ sseeeeees Linear (Young's Modulus)

Figure 35: Measurement of the tensile YM of a PVA hydrogel using stress-strain curves. The yellow line represents the
measured curve, the green line represents the portion of the curve used to calculate the YM and the dotted line corresponds

to its linear adjustment.
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The UTS and the maximum strain rate were obtained by direct measurement though the stress-strain
curves. The UTS and the maximum strain values are, respectively, the maximum stress the samples
withstand, or the maximum strain observed, without breaking. (Fig. 36)

Measurement of UTS and Maximum Strain Rate of a PVA Hydrogel
0,6

Série "PVA L Ponto “30,441"
(30,441,0,5138)
A

0,4

0,3

Stress (MPa)

0,2

0,1

0 0.5 1 1.5 2 25 3 35 4 4.5 5
Strain

—PVAL

Figure 36: Measurement of UTS and maximum strain rate of a PVA Hydrogel. x-axis: Maximum strain rate (30.441% in this
case); y-axis: UTS (0.51 MPa in this case)

The fracture toughness and the compressive strength are the areas under the stress-%strain curves.?70
The values obtained for the UTS, MSR and Fracture Toughness were the real values for PVA L, but not
for PVA M and PVA H. PVA L consistently ruptured in the middle of the gage length, but the other kinds
of PVA hydrogels did not always break, or they did not always rupture evenly. The fracture toughness
of PVA M and PVA H was measured up to an strain rate of 3, at which no slippage or breakage was
observed in any of the gels. Thus, the values presented for all three of these properties are an

underestimation of the real values.

Table 9, below, summarizes the properties that have been measured along with a pertinent reference
values. The UTS of PVA L is at the lower end of the range of the UTS in the natural cartilage, and the
fracture toughness is significantly lower than articular cartilage and other PVA-H formulations. The fact
that PVA M and H form a tighter network of bonds may explain the difference in toughness in regard to
PVA L.246.271 |n the literature, water content has also been inversely related with toughness, which is in
line with the results obtained in the swelling tests and toughness for these samples.??? Because of its

weak mechanical properties, further analysis of PVA L was not pursued.
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Table 9: Summary of the mechanical properties of natural cartilage, PVA in the literature and PVA in the scope of this work.
Note: In samples where fractured toughness is defined as a minimum value, the presented value was measured at a strain
rate of 3. Compressive toughness was measured at a stress level of 500kPa.

Material

Native
cartilage
Co-Cr

alloy

PE

Allumina

Zirconia

PVA in
the
literature
PVA L
PVAL +
PVP
PVAL +
PVP + G
PVA M
PVA M +
PVP
PVA M +
PVP + G
PVA H
PVAH +
PVP
PVAH +
PVP +G

Tensile
Young’s
Modulus
(MPa)

4.3 257

210*10°3

122,123

220*10°3

122,123

380*10°3

122,123

880 122,123

0.19773
1.4274

21+0.3

23+0.2

1.8+0.2
24+03

25+0.2

20+0.2
24+x04

26+0.3

27+0.3

Ultimate
Tensile
Strength
(MPa)

0.8 — 257

1085

122,123

820 122,123

300 122,123

35 122,123

0.7

0.9

Maximum

Strain

54

66

36

=798

2795

2685

2812

2 822

=755

Fracture
Toughness
(MPa/mm?©%)

305 - 39178

18+3

34+£6

11+1
2493 + 26

2529 + 37

2458 + 22
25437

2574 +17

2592 +12

Compressive Compressive

Young’s Toughness
Modulus (MPa/mm?%)
(MPa)
0.24-17° -
0.07 — 0.24244
2.56 — 3.68°
3604 =248+ 4
3.1+ 0.5 =251+4
4.1+ 0.5 =243 +8
45+£05 2404
3.4+0.6 =252+10
4.05+0.3 243 t4

For the remaining PVA M and PVA H hydrogels, the UTS values presented are well within the limits of

articular cartilage, which can go up to 25 MPa. While the values obtained are lower than the upper limit

of the UTS of cartilage, as discussed, the UTS for tested hydrogels is an underestimation. Due to

slippage, minor misalignments that induce premature breaking or anisotropies in the material, it is

plausible to conclude the data obtained does not reflect the apex of the capabilities of the material. The
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highest UTS was measured in PVA H + PVP (10.77 MPa) which, in fact, did not rupture (Fig 43). As a
result, there is strong evidence that suggests that, under certain circumstances, this material could

withstand even higher loads.

The YM was low both in tension and compression. A low YM denotes a flexible material that deforms

easily under loads.

The YM is nearly the same in all samples. Depalle et al?’! measured the effect of cross-linking density
in the Young’s modulus and concluded that the crosslinking density has no effect on the YM, measured
at the elastic region. While the effectiveness of glyoxal in this work is debatable (a more in depth analysis
can be found in section 4.2.1.1.), an increase in the YM of PVA-based hydrogels should have been
noticeable with the addition of PVP. Namely, the Young’'s modulus was expected to increase with the

addition of PVP, which was not observed in this work.12

In theory, tensile and compressive elastic moduli should be equal, which is not observed in the case of
cartilage and PVA constructs, both self-made and referenced material. The calculated tensile and
compressive YM are slightly different in the case of the tested hydrogels but this has been observed
before in the literature.’? The YM is, in reality, dynamic. While metals and ceramics have YM that can
be thought of as constant, the same does not happen with cartilage or polymers, whose properties
depend on test conditions such as the type of load (tensile or compressive), time of application of the

load, temperature, strain rate and fiber orientation.

Anisotropy and tensile-compressive nonlinearity are two reasons why PVA might behave differently
under tensile and compressive stresses and have dissimilar YM.27® The results here presented support

the idea that PVA is an anisotropic material, as well as cartilage.

The YM shows that natural cartilage is stiffer when subjected to tensile loads and softer when
compressive loads are applied. 7 Presumably, it is this elastic behaviour upon compression that allows
the release of synovial fluid and enables efficient lubrication. In this sense, it is not advantageous that

PVA-H seem to be stiffer under compressive loads.

Table 10 represents the tensile and compressive toughness measured on the materials at a stress level
of 500KPa, since compression tests did not reach the same stress levels as tensile tests. The data there

presented confirms that PVA is tougher under compression.
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Table 10: Toughness properties under tension and compression for PVA-H at a stress level of 500kPa.

Fracture Toughness Compressive Toughness
(MPa/mm?%) (MPa/mm?%)
PVA M 257204 248 +4
PVA M + PVP 252+04 251+4
PVA M+ PVP + G 26.4+0.1 243+8
PVA H >256+0.8 2404
PVA H + PVP 252+01 252+10
PVA H + PVP +G 245+0.23 243 +4

It has

previously been mentioned that not all test specimens break. In most cases, this was due to

slippage but, in one of the tests, not rupture nor slippage occurred. Fig 37, below, shows this example,
which was measured on a PVA H + PVP hydrogel hydrogel, that shows that, in general, PVA H (and
most probably M) displays a great capacity to deform under loads, reaching strain levels of

approximately 8.2, i.e. it can extend over 9 times its original length without breaking. After unloading, it

can be observed that the hydrogel recovers partially by 4.7 (elastic deformation) but plastic deformation

also occurs at a strain level of 3.5.

Stress (MPa)

Plastic deformation of PVA hydrogels
12

10

[+.2]

Strain

Figure 37: Stress-strain curve of PVA H + PVP hydrogel sample showing plastic deformation upon unloading.

4.2.3. THERMOTROPIC BEHAVIOUR

The thermotropic behaviour of the prepared PVA hydrogels is now described and compared with the

literature. Fig. 38, 39 and 40 contain all the data concerning DSC of dry samples, and Table 11
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summarizes all the properties extrapolated through this test. It is important to note that these tests were
initiated after mechanical testing, at which point the tensile data had already revealed PVA L was not
the most fitting material for cartilage replacement applications. As so, at the time of DSC, the decision
not to further pursue PVA L studies had already been made, and this section features only PVA M and
PVA H hydrogels.

The degree of crystallinity, calculated as described in section 3.2.3., varies from 43% to 49%. This
indicated a semi-crystalline material with both crystalline and amorphous regions. The presence of

amorphous areas originates disorder, reducing the enthalpy of the system.

The Tm is an important measurement of the degree of purity of the substance. According to the literature,
PVA melts at approximately 210 — 215°C23, Tubbs?7¢ investigated the influence of heating rate on the
Tm of PVA and concluded that for a 10°C/min heating rate (the same as that used in this work), the Tm
is 225.8°C. The Tm of the hydrogels was very similar to the values found in the literature - around 227-
228 °C for PVA M and 229-230°C for PVA H. The enthalpy of fusion of the PVA M and the PVA H

samples also did not present significant differences.

The Tg of PVA is usually found at around 85°C277 but could not be identified for any of the samples. The
Tg is typically more difficult to locate, especially when the Tm is very pronounced, because it can occur
over a very small range of temperatures that make it extremely difficult to identify. On the other hand,
glass transition is associated with segmental motility of the amorphous region, which could be impaired
due to high density of hydrogen bonds and crosslinking.27® Therefore, it is also entirely possible for a
polymer not to exhibit a Tg. However, the degree of crystallinity shows that the amorphous region exists,
and it is consistent with the fact that PVA is a semi-crystalline polymer. As so, the hypothesis that a Tg
exists but could not be detected is more likely.

Table 11: Thermotropic behaviour (Tm, enthalpy of fusion, degree of crystallinity) of the PVA hydrogels under dry conditions.
(* a PVA product by Kuraray)

Dry samples Ethalpy of fusion
Tm (°C) Degree of Crystallinity (%)
(4/8)
PVAM 227.8+1.0 61.5+3.7 44
PVA M + PVP 227.5+0.9 60.1+0.6 43
PVAM +PVP +G 228.3+0.2 64.6 £ 0.6 47
PVAH 229.8+0.4 674145 49
PVA H + PVP 230.9+2.0 68.4 + 0.5 49
PVAH+PVP+G 230.1+1.2 66.3+2.1 47
PVA in the literature = 210 — 215 235279,280 - 45 — 46>%°
Elvanol 73 — 125 G* 218 -219%° - -
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Figure 38: Enthalpy of fusion of PVA hydrogels under dry conditions.

Tm of dry PVA hydrogels

PVA M PVAM +PVP PVAM +PVP + G PVAH PVAH+PVP PVAH+PVP+G

Figure 39: Peak temperature of PVA hydrogels under dry conditions.
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Figure 40: DSC curves of dry samples (each curve represents a different test). a) PVA M; b) PVA M + PVP; c) PVA M + PVP + G;
d) PVA H; e) PVA H + PVP; f) PVAH + PVP + G

To evaluate the effect of the presence of water in the samples, the tests were also conducted in the
hydrated state (Fig. 41). There can be three types of water in a polymer: tightly bound water, loosely
bound water and free water. Tightly bound water is associated with the polymer matrix and cannot be
observed in the range of the test that was performed, since it can only be seen for temperatures lower
than -10°C?81, Loosely bound water, as the name suggests, is loosely bound to the matrix and melts at
temperatures slightly lower than those of normal water. Lastly, free water can be detected for its Tm at

around 0°C.282
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Figure 41: DSC curves of hydrated samples (each curve represents a different test). a) PVA M; b) PVA M + PVP; c) PVA M +
PVP +G; d) PVA H; e) PVAH + PVP; f) PVAH + PVP + G

Knowing the WC of the gels, the theoretical enthalpy of water and the experimental enthalpies and

weights of each individual sample, the percentage of free and loosely bound water within the samples
was calculated as described in Section 3.2.3.. Table. 12 lists the results of this calculation, with values

averaging at about 74% for PVA M and 65% for PVA H — these values qualitatively align with those

obtained for the swelling behaviour.

In Fig. 41, in most images, two overlapping peaks are distinguishable. The first, occurs at negative

temperatures, while the second occurs at around 0°C. The first peak corresponds to loosely bound water

and the second, to free water. From the images and the measured peak temperatures, it is apparent

that within the free and loosely bound water percentage, a higher amount of that water is loosely bound

water on the hydrogels.
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Table 12: Thermotropic behaviour (Tm, enthalpy of fusion and percentage of free and loosely bound water) of the PVA

hydrogels under hydrated conditions.

Hydrated samples Tm €C) Enthalpy of Fusion Free and Loosely
J/9) Bound Water (%)
PVA M -0.6+£0.9 156 £ 6 74+3
PVA M + PVP 0.6+1.0 153+9 74+4
PVA M+ PVP + G -0.4+£0.9 159+ 6 74+3
PVA H 0.9+05 126 £ 7 65+4
PVA H + PVP -2.1+£0.0 146 + 14 737
PVAH+PVP +G -3.2+0.2 134+0 67+0

180
160
140
120
100
80
60
40
20

Area (J/g)

Peak (2C)
N R O R

'
w

-4

Specific energy of hydrated PVA hydrogels

PVAM PVAM+PVP PVAM+PVP+G  PVAH PVAH+PVP PVAH+PVP+G

Figure 42: Enthalpy of fusion of PVA hydrogels under hydrated conditions.

Peak temperature of hydrated PVA hydrogels
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Figure 43: Visual representation of the peak temperature of PVA hydrogels under hydrated conditions.
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After several iterations of the protocol, it was possible to create a simple protocol for the production of
physically crosslinked, CD PVA hydrogels. The end product consisted of transparent, flat, homogeneous
physically crosslinked gels. While the process is not seamlessly upscaled to produce thicker hydrogels,

the results were very consistent.

All the different PVA hydrogels that have been studied present a significantly larger water content
percentage in their swelled state, with swelling rates varying between 138% and 308% across the board.
Regarding their %EWC, all gels seem similar to natural cartilage and other PVA constructs. Generally
speaking, all PVA hydrogels swell significantly in the presence of water. %SR and %EWC both increase
when the molecular weight of the PVA decreases. This is consistent with the concept that heavier chains

form a tighter network of bonds, thus leaving less space for water to fill.

%SR and %EWC also increase as PVP and glyoxal are added to the solution. This might be due to

bulky pyrrolidone rings which prevent the formation of tighter bonds and the high affinity to water of PVP.
Glyoxal seems to have little to no effect on the gels.

All PVA hydrogels tested exhibit values that are not far or within the range of natural cartilage, with
%EWC ranging from 60% to 75%.

The samples were found to be very hydrophilic, with low contact angles in the interval 32° - 50°. The
trends observed are in line with those of the swelling behaviour — the contact angle decreases with 1)
the increase of molecular weight; 2) the addition of PVP and glyoxal.

Similar values have been reported in the literature for the captive bubble method (37° - 45°).

Here, a static contact angle has been considered, but the differences in the sessile drop method and
the captive bubble test also demonstrate that contact angle hysteresis exists. It is believed that contact
angle hysteresis is a consequence of heterogeneity and surface roughness. Most surfaces present
surface irregularities that act as barriers to the motion of the contact line, which can alter the macroscopic
measurement of contact angles. The existence of surface roughness on PVA hydrogels has also been

confirmed by the literature.

As far as the mechanical properties go, the tensile and compressive YM were calculated, and the UTS,

the maximum strain, the toughness, and the compressive strength were obtained.

The first conclusion that can be drawn from the stress-strain curves and its derivative properties is that
PVA L is rather below the desirable range of values for UTS or fracture toughness. Its UTS sits on the
lower limit of the registered values of articular cartilage and the toughness of cartilage is at least 10
times larger than that of PVA L. Very early on into the mechanical testing, PVA L displayed weak

mechanical properties and for that reason it was put aside.
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The fracture toughness of PVA M and PVA H is already greater than that of the cartilage at just 300%
elongation. Some gels have been seen to reach over 800% elongation, which means that the PVA-H
hydrogels are, in this instance, superior to cartilage.

UTS values for PVA M and PVA H hydrogels are encompassed in the interval determined for the articular
cartilage. The UTS in the literature for the articular cartilage ranges between 0.8 and 25 MPa. The tested
PVA-H go from 5.7 to 10.8 MPa. Once again, these measurements should, however, be but an
underestimation of the true value, since the anisotropies of the material can sometimes lead to

premature failure and, in some cases, slippage of the test specimens occurred.

One of the hydrogels, PVA H + PVP, reached the highest measured UTS value across the board (10.8
MPa) without rupturing. According to this curve, PVA H + PVP displays a great capacity to deform under
loads, reaching strain levels of approximately 8.2. Part of this deformation was seen to be elastic (4.7),

while a smaller portion of it was plastic (3.5). Overall, this indicates that, under certain circumstances,

this material has the capability to go beyond these values.

The anisotropies of the gels are confirmed upon the knowledge that the YM differs in tensile and
compressive conditions. Toughness at 500 kPa for both tensile and compressive tests further supports
this hypothesis. In fact, from the YM and the toughness of the material in tension and compression, one
can conclude that the PVA-H samples are stiffer under compressive loads than under tensile loads.
Whereas this trend is in accordance with PVA-H in the literature, it is opposite to the trend seen in
articular cartilage.

As for the thermotropic behaviour of PVA, the dry tests should allow for the extrapolation of the Tg, the
Tm and the degree of crystallinity. The results regarding the Tm were very comparable to those found
in the literature: all the tested PVA hydrogels presented values within the 227-228°C range. The degree
of crystallinity varies from 43% to 49%. This is consistent with PVA being a semi-crystalline material.
The Tg of PVA could not be identified for any of the samples.

The gels contain about 66% (PVA H) to 74% (PVA M) of free and loosely bound water. Analysis of the
DSC curve suggests that most of the water in the gels is loosely bound water.

Table 13 provides a qualitative comparison of PVA hydrogels according to the evaluated properties. As
far as swelling behaviour goes, all gels were within or very close to the values observed in cartilage.
From this parameter, all materials are adequate or acceptable. In what concerns wettability, no
comparable results exist for the cartilage. However, it is known to be highly hydrophilic. The mechanical
testing rapidly excluded PVA L as a good candidate for cartilage replacement because of inadequate
toughness. All the other gels performed favourably and may be potentially used. As for the thermotropic
behaviour, the results were remarkably similar to the reference material both for PVA M and PVA H. All
in all, the best materials resulting from this work, according to the data, are PVA M + PVP + G, followed
by PVA M, PVA M + PVP, PVAH, PVAH + PVP and PVAH + PVP + G.

59



Material Swelling
Behaviour
PVA L
PVA L +
PVP
PVA L +
PVP + G
PVA M
PVA M +
PVP
PVA M +
PVP + G
PVAH
PVA H +
PVP
PVA H +
PVP + G

Table 13: Qualitative comparison of PVA hydrogels.

Wettability

Thermotropic YM
Behaviour

UTS

Toughness

Adequate properties Acceptable properties Inadequate Properties

vV

v

X

No information
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The tribological properties could not be ascertained during the course of this work, due to lack of time.
It would be important to complete the data in this thesis with information regarding the coefficient of
friction. Water is thought to underestimate the coefficient of friction, so the use of other lubricants, such

as hyaluronic acid (present in the synovial fluid), could be advantageous.

Also, the relationship between wettability, surface morphology and coefficient of friction should be
studied, since information in the literature suggests these properties influence the tribological behaviour
of the samples.

The study of the cell adhesion and protein adsorption properties of PVA-H could be interesting. These
have been studied for applications in the replacement of localized defects of the cartilage. While this is
not the application initially planned, many studies place importance on cell adhesion for appropriate
integration of hydrogels with surrounding tissue.

Moving forward, it might be interesting to explore other gelation methods. Namely, freeze-thawing might

be a compelling course of work, since its properties can be tailored by changing the number FT cycles.

Still regarding alternative gelation processes, ionizing radiation is another pertinent suggestion. PVA
must be sterilized for this type of biomedical applications. Methods that resort to heat are not adequate
for CD PVA hydrogels, for example, since the heat compromises the integrity of the gel. lonizing
radiation is the most frequently reported sterilization method for hydrogels, along with autoclaving.
However, ionizing radiation induces gelation and sterilizes in one step. Surely, introducing gamma rays
as a variable in the protocol could generate very interesting results.

Furthermore, the environment surrounding these gels in their intended application would be very fragile
as a result of inflammation. Following up on the possibility of embedding the polymer matrix with

therapeutic drugs and achieving their controlled release would be key.

Lastly, extending this study to other materials, such as alginate, chitosan, PEG and others might be an
asset.
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8. ANNEXES

%SR

%SR

350

300

250

200

150

100

50

350

300

250

200

150

100

50

SR Profile of PVA L

10 15 20 25 30 35 40
Time (h)

Figure 44: SR Profile of PVA L.
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Figure 45: SR Profile of PVA L + PVP.
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Figure 46: SR Profile of PVA L + PVP + G.

SR Profile of PVA M
350
300
250

200

%SR

150 Ff

100

50

0 5 10 15 20 25 30 35
Time (h)

Figure 47: SR Profile of PVA M.
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Figure 48: SR Profile of PVA M + PVP.
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Figure 49: SR Profile of PVA M + PVP + G.
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Figure 51: SR Profile of PVA H + PVP.
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Figure 53: Visual representation of the average %SR of PVA hydrogels.
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Figure 54: Visual representation of the average %EWC of PVA hydrogels.
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Figure 55: Tensile stress-strain curves of PVA L.
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Figure 56: Tensile stress-strain curves of PVA L + PVP.
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Figure 57: Tensile stress-strain curves of PVA L + PVP + G.
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Figure 58: Tensile stress-strain curves of PVA M.
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Figure 59: Tensile stress-strain curves of PVA M + PVP.
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Figure 60: Tensile stress-strain curves of PVA M + PVP + G.
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Figure 61: Tensile stress-strain curves of PVA H.
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Figure 62: Tensile stress-strain curves of PVA H + PVP.
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Figure 63: Tensile stress-strain curves of PVA H + PVP + G.
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Stress-strain curve of PVA hydrogels under unconfined compression
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Figure 64: Compressive (unconfined) stress-strain curves of PVA hydrogels. The starting point of the curves has been altered
to make it easier to compare repetitions of the same formulation.
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