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Resumo  
 

Cartilagem está presente nas articulações. Patologias articulares afetam todos os anos milhões de 
pessoas mundialmente. Primeiramente, uma abordagem farmacológica para reduzir a dor é feita. 

Contudo, quando a dor é intensa, o tratamento passa por um transplante de autoenxerto osteocondral, 

um implante de condrócitos autóloga e uma substituição total da articulação. Nos últimos anos, novas 

terapias para a reparação/substituição da cartilagem têm sido investigadas. Os hidrogéis são um 

material promissor dado que imitam o comportamento da cartilagem. Particularmente, hidrogéis de 

álcool polivinílico (PVA), que são biocompatíveis e têm boa capacidade de absorção e bom 

comportamento biotribológico despertaram um especial interesse. 
Neste trabalho, hidrogéis à base de PVA são produzidos com ácido poliacrílico (PAA), misturados com 

polietileno glicol (PEG) e submetidos a um recozimento. Além disso, o hidrogel foi carregado com um 

anti-inflamatório e esterilizado. Propriedades mecânicas e tribológicas, absorção, molhabilidade, 

biocompatibilidade, morfologia e libertação de fármaco foram estudados.  

A adição de PAA aumentou a capacidade de absorção de água e a quantidade de fármaco carregado 

e posterior libertação. A incorporação de PEG resultou em maior lubricidade, melhores propriedades 

mecânicas, mas baixa absorção. Todavia, a libertação de fármaco continuou igual ao que foi observado 

para o PVA+PAA. O recozimento melhorou a cristalinidade e a reticulação, e o hidrogel melhorou a sua 
força e as propriedades mecânicas, e apresentou a maior libertação cumulativa de fármaco quando o 

hidrogel foi previamente carregado com vitamina E.  

A esterilização a alta pressão diminuiu as propriedades mecânicas do hidrogel recozido e a libertação 

cumulativa de fármaco.  

 

Palavras-chave 
 

Patologias articulares, Cartilagem articular, Hidrogel de PVA/PAA, Caracterização dos materiais, 

Libertação de fármaco, Esterilização 
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Abstract  
 

Articular cartilage is present in natural joints. Joint pathologies affect millions of people worldwide every 
year. In their first stages a pharmacological approach is attempted to reduce pain. However, when the 

pain is intense, the treatment relies on osteochondral autograph transplantation, autologous 

chondrocyte implantation and total joint replacement, may be considered.  In the last years, new 

alternatives for cartilage repair/substitution have been investigated. Hydrogels are promising materials 

for that purpose since they mimic the cartilage behavior. In particular, polyvinyl alcohol (PVA) hydrogels, 

which are biocompatible and have good swelling ability and biotribological performance have raised 

special interest.  
In this work, PVA based hydrogels were produced with polyacrylic acid (PAA), doped with polyethylene 

glycol (PEG) and subjected to an annealing treatment. Furthermore, the hydrogel was loaded with an 

anti-inflammatory and sterilized. Their mechanical and tribological properties, swelling behaviour, 

wettability, biocompatibility, morphology and drug release were studied.  

It was found that the addition of PAA increased the water absorption capacity of the material and the 

amount of drug loaded and posteriorly released. Incorporation of PEG resulted in higher lubricity, better 

mechanical properties, but lower swelling ratio. However, the amount of drug released remained similar 

to what was observed with PVA+PAA. The annealing treatment improved the crystallinity and 
crosslinking of the hydrogel, enhancing its strength and mechanical properties. The annealed hydrogel 

presented the higher cumulative drug release when the hydrogel was previously loaded with vitamin E.  

Sterilization through high-pressure processing decreased the mechanical properties of the annealed 

hydrogel and the cumulative drug release.  

 

Keywords  
 

Joint pathologies, Articular cartilage, PVA/PAA hydrogel, Materials characterization, Drug release, 

Sterilization 
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1. Introduction 
 

Articular cartilage (AC) is a biphasic and a viscoelastic material that is present in natural joints. Cartilage 
presents water and electrolytes that fill the gaps between the solid matrix, and chondrocytes and an 

extracellular matrix, which have proteoglycans, collagen fibres and non-collagenous protein.1 Joint 

pathologies such as osteoarthritis (OA) and rheumatoid arthritis (RA) are characterized by the 

destruction of AC causing pain and functional deficits with substantial nefast effects on the quality of life 

specially in the elderly and the overweight population, which are both increasing in the world’s 

demographics.2–5 

In order to relieve the symptoms from joint diseases, current therapeutics include drugs such as 
paracetamol and non-steroidal anti-inflammatory drugs (NSAIDs). In more advanced stages of joint 

disease, surgery options may be considered.6–8 Total joint replacement is the most invasive procedure, 

in  which surgeons have a large choice of different materials and implant designs to substitute the natural 

joint. Nowadays, the gold standard is a metal or a ceramic head sliding on ultra-high-molecular-weight 

polyethylene (UHMWPE). The main problem for UHMWPE is the degradative oxidation that leads to 

wear debris, which is recognized as being the main cause of failure in joint replacements based on this 

type of material.9,10  

Partial cartilage regeneration appears to be an interesting clinical alternative to avoid such intrusive 
surgeries.11 However, there is still a gap in the market for effective cartilage substitutes materials that 

mimic the natural joint and several hydrogels have been studied due to their biocompatibility and 

biodegradability.  

PVA hydrogels have been widely used as material for cartilage substitution since it presents a porous 

structure similar to the native cartilage, and surfaces with low frictional behaviour.12–16 In order to 

improve the mechanical performance of the hydrogel, PVA may be combined with other materials.17  

The main goal of this work is to produce a sterilized PVA/PAA composite hydrogel that presents 

adequate properties to substitute for the cartilage and ability to deliver a target drug (diclofenac) during 
the post-operatory period. All the hydrogels produced were characterized regarding their mechanical 

and biotribological properties, wettability and drug release behaviour.  

In the first chapter, the theme is introduced, and the goals of this work are defined. The second chapter 

discusses the State of the Art, which includes information on natural joints, joint pathologies and their 

symptoms, current therapeutic solutions for joint diseases and new therapeutic solutions such as PVA 

hydrogels. The third chapter refers to Materials and Methods where the experimental procedure for the 

preparation of the PVA/PAA composite hydrogels is presented. 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. The fifth chapter, Conclusions and Future Work, presents 

the main inferences that can be obtained from the work that was presented and the work that can be 

addressed in further studies.  
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2. State of the Art 

2.1. Articular Cartilage  
 

Articular cartilage (AC) is found in the human body as many structures and negotiates the balance 

between the need for structural support and flexibility. It can assume different forms depending on the 
particular demand of the structure, and whilst the basic components of extracellular matrix and cells 

remain the same, the proportions of these components may vary with the cartilage subtype.18 

 

2.1.1. Anatomy  
 

Cartilage presents two different phases: a fluid and a solid phase. Water and electrolytes that fill the 

gaps between the solid matrix are characteristic of the fluid phase. This phase accounts for the majority 

of the wet weight of AC. The solid phase has chondrocytes and an extracellular matrix (ECM), which 

have proteoglycans, collagen fibres and non-collagenous protein.1,18–21  

Chondrocytes are the cells that produce and maintain the ECM. Chondrocytes are developed through 

chondroblasts that are present in the formation of cartilage and these mesenchymal cells are found 

under the perichondrium along the border of the cartilage plates where new appositional growth occurs, 
although cartilage can also expand through interstitial growth.  

Proteoglycans (PGs) account for approximately 10-15% of the cartilage structure and are composed of 

repeating disaccharide units of glycosaminoglycans (GAGs) which can be chondroitin sulphate or 

keratin sulphate. The attached carboxyl and sulphate groups give the GAGs a high negative charge and 

therefore they attract cations and water, thereby increasing the osmotic pressure and increasing the 

resistance to fluid flow. Thereby, GAGs combine with a protein core in order to form a proteoglycan 

aggrecan molecule that is hydrophilic, which in turn binds to hyaluronic acid (HA) in order to form a 
macromolecule. Finally, the bond is stabilized by a link protein. The PGs are interconnected with the 

collagen fibres and create a solid lattice that has the ability to control water movement. Water accounts 

for 65-80% of the AC mass, with the highest proportion being near the surface.18 In Figure 1 is illustrated 

the different zones of the articular cartilage. 

 

 
Figure 1 Zones of articular cartilage. Superficial zone: Flattened chondrocytes, collagen fibers parallel to joint, 

sparse proteoglycans. Middle zone: Round chondrocytes, oblique/random collagen fibers and plentiful 
proteoglycans. Deep zone: Thickest layer, columns of chondrocytes, collagen bundles perpendicular to joint, 

cross the tidemark and are anchored into subchondral bone, highest proteoglycan content. Calcified zone: Type X 
collagen present and hydroxyapatite crystals anchor cartilage to subchondral bone.18  
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Natural joints can be classified into two categories: fibrous/cartilaginous joints, which contain connecting 

tissue and are mostly fixed, and synovial joints which contain synovial fluid (SF) and allow sliding of the 

bones over another. The opposing bony surfaces are covered with a layer of hyaline cartilage or 

fibrocartilage, lined with synovium and reinforced by a fibrous capsule and ligaments. There are 

numerous examples of synovial joints in the body such as knees, hips, shoulders, elbows and 

phalangeals.1 

SF is a transparent thixotropic fluid, formed by the membrane of a joint, tendon sheath, or bursa, which 
is in contact with the synovial joint. The SF reduces cartilage friction and wear during articulation due to 

its viscous and lubrification properties. It contains hyaluronic acid and proteins such as albumin and 

lubricin, proteinases and collagenases in an isotonic saline medium.1,22  

 
Table 1 Biological components present in the synovial fluid22 

Component Synovial Fluid 

Albumin 400-1000 mg/dL 

Hyaluronic Acid 250-365 mg/dL 

Water 97-99 g 

Phospholipid 13-15 mg/dL 
Fibronectin 150 µg/mL 

Cholesterol 0.3-1.0 mg/dL 

 
HA and proteoglycan 4 (PRG4) help in the lubrification process of SF. HA appears polydisperse in SF 

with an average molecular weight of 6–7 MDa. Regarding PRG4, this glycoprotein mediates the 

molecule’s function as a boundary lubricant.1,22 Albumin  concentration in the SF is very high and 
therefore, this molecule is the major contributor of colloidal osmotic pressure and the minor contributor 

of viscosity in SF because it solely derives from blood.23 Lubricin is a mucinous glycoprotein encoded 

by the PRG4 gene and acts as a boundary lubricant and a chondroprotective agent in synovial joints.1,24 

 

2.1.2. Main Properties  
 

The water phase of articular cartilage represents 65-80% of its wet weight. Due to the structural 

differences in its zones, the lowest water content is observed in the deep layer, while in more superficial 

areas are more hydrated. The ECM has PGS that can control water movement due to the presence of 

GAGs that are hydrophilic and therefore, the ECM can swell in the presence of water.18 

Because of the charged nature of articular cartilage and the electrolytes dissolved in the interstitial water, 

AC exhibits charge-dependent osmotic swelling pressures. At equilibrium, the swelling pressure in AC 
is balanced by tensile forces generated by the collagen network. Therefore, at physiological 

concentrations, the charged solid matrix of cartilage, even when unloaded, is in a state of pre-stress. 

Changes in the internal swelling pressure, arising from altered ion concentrations or changes in the 

internal GAG content will result in changes in tissue dimensions and hydration. In addition, it will affect 
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the mechanical properties since it enhances the pressure gradient that helps it resist compressive 

loads.25 

The primary function of articular cartilage is to support and redistribute the high level of mechanical 

loads, often multiple times one’s body weight.26,27 Every joint in the lower limbs undergoes 1 million load 

cycles and the load supported by the human knee produces peak stresses between 4 and 9 MPa.28 

Articular cartilage resists compression and tension due to its extracellular matrix (ECM), which allows 

load-bearing during joint movement.21 Beddoes et al.29 stated that in the case of bovine carpometacarpal 
cartilage, more than 90% of a 130 kPa load was supported by the water pressure.  

Mechanically, cartilage does not behave like an elastic tissue. The relation between load and 

deformation, i.e., stress and strain, is non-linear and time dependent. Loading of the cartilage leads to 

instantaneous hydrostatic pressurization in the tissue, with relatively little deformation as illustrated in 

Figure 2.  

 

 
Figure 2 Simplified model demonstrating the biphasic properties and load partitioning of the cartilage between the 

fluid and solid phase during loadings adapted from Eckstein et al.2  

 

In this initial state, the applied load is supported by the fluid phase, shielding the solid collagen-PG 

matrix from the excessive strain. This explains why cartilage can tolerate high loading peaks without 

suffering damage. When loading continues, the fluid starts to stream through the porous matrix, which, 

however, displays relatively low permeability. Step by step, the load is transferred from the fluid phase 

to the solid phase. In the end, the hydrostatic pressure reaches zero, deformation ceases (equilibrium) 

and the total load is supported by the solid matrix.2 
Comparisons of tensile properties with the compressive properties demonstrate a dramatic difference 

between the tensile and compressive elastic properties of collagenous tissues such as AC. When 

cartilage is tested in tension as illustrated in Figure 3, the collagen fibers and entangled PG molecules 

are aligned and stretched along the axis of loading. For small deformations, when the tensile stress in 

the specimen is relatively small, a nonlinear toe-region is seen in the stress-strain curve owing primarily 

to collagen network realignment, rather than stretching of the collagen fibers. For larger deformations, 
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the collagen fibers are stretched and hence generate a larger tensile stress due to the intrinsic stiffness 

of the collagen fibers.25 

 

 
Figure 3 Stress-strain relationship for articular cartilage in a steady strain-rate tensile experiment25 

 

The Young’s modulus is a measure of the flow-independent stiffness of the collagen-PG solid matrix 
and it depends on the density of collagen fibers, fibre diameter and orientation, the type and amount of 

collagen cross-linking, and the strength of ionic bonds and frictional interactions between the permanent 

collagen network and the labile PG network.  

The tensile strength of healthy cartilage varies from 5 MPa and 28 MPa, depending on the location of 

the joint surface, and on depth and orientation of the test specimen relative to the joint surface.25,29 The 

compressive Young’s modulus has values between 0.24 and 0.85 MPa.30 

Moreover, cartilage also undergoes creep, i.e., progressive deformation under constant load, and 
stress-relaxation, which corresponds to a gradual decrease in stress with time under a constant 

deformation or strain. These properties are due to the movement of water and macromolecules within 

the cartilage. Seventy percent of the water content is moving, and the macromolecules produce a 

frictional drag under high load, which restricts the flow of water and stiffens the structure of cartilage. 

There are many collagen fibres, collagen-proteoglycan relationships and crosslinks in the cartilage and 

directional loading can have many results depending on the direction, therefore it has an anisotropic 

behaviour.1,18  

In resume, cartilage is a biphasic material with a fluid and a solid phase, visco-elastic in tension as it 
exhibits a stress-strain relationship that is dependent on the load and the rate by which the load is 

applied, and anisotropic which means it has different mechanical properties depending on the direction 

of the applied load.1,18,31      

As referred previously, joint lubrication is crucial to keep it healthy. Cartilage has a low coefficient of 

friction (CoF), which can be further reduced by elastic deformation, synovial fluid, fluid-film formation 

and efflux of fluid from cartilage.18,32 The CoF of AC is very low because interstitial fluid pressurization 

can contribute more than 90% of the fluid support, thus minimizing the interfacial load supported by the 
collagen-PG solid matrix. The CoF is also dependent on joint congruence and thus joint contact area 

because congruence promotes greater fluid load support.33 
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Moreover, the friction coefficient is affected by the concentration and viscosity of the lubricants used. 

The magnitude of the equilibrium CoF of the articular surfaces is directly related to the presence of 

boundary lubricant such as lubricin, a superficial zone protein, that makes that the coefficient of friction 

is almost zero, i.e., lower than that of ice gliding on ice.2,32,33  

Pawlak et al.34 measured the coefficient of friction at room temperature between two discs of cartilage 

soaked in saline (lubricating fluid) under a given load, sliding velocities and time. Friction tests on 

delipidized samples were also performed as illustrated in Figure 4.  
 

 
Figure 4 Friction coefficient versus time for cartilage-cartilage pair normal (curve 1) and delipidized surfaces 

measured in saline condition (1, 3 and 21 min): curves 2, 3 and 4, respectively (n=5, error bars=95% confidence 
limit)34 

 

The CoF of normal AC-AC are in the range of 0.004 and 0.012. Curves 2, 3 and 4 have a CoF in the 
range of 0.0075-0.018, 0.0125-0.022 and 0.015-0.027, respectively. This shows that the friction 

coefficient is dependent on the lipid layer on the surface of cartilage.34 

On Table 2 is presented a comparison of friction coefficient measured on cartilage specimens against 

different surfaces.  

 
Table 2 Friction coefficient measured on cartilage specimens against different surfaces 

Tested surfaces  CoF  

Articular cartilage against stainless steel 0.0075-0.01535 
Articular cartilage against metal 0.005-0.5736 

Pig articular cartilage against glass 0.037-0.0537 

Rat cartilage against stainless steel  0.01-0.338 

 

The coefficient of friction is significantly dependent on the hydrophobicity of the surface of the tissue, 

therefore is related to the wettability of the articular surface of cartilage which depends on the condition 

of its surface active phospholipid overlay. Additionally, the work of adhesion is an accurate reflection of 
the wettability of a surface, which in turn correlates to the frictional properties of such a surface. It has 
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been reported that under boundary lubrication regime, a low work of adhesion implies a low frictional 

contact.34 

The nature and amount of moisture content influences the value of contact angle between water droplet 

and the articular surface of cartilage. In the natural condition when the joint is completed covered with 

SF, the surface of cartilage is hydrophilic with a contact angle of zero. This condition changes with 

increasing time of exposure of a fresh joint to the atmosphere.  

Pawlak et al.34 studied the contact angle of bovine cartilage as a function of time as illustrated in Figure 
5. 

 

 
Figure 5 Wettability contact angle of saline drops on cartilage samples as a function of air-drying time (1) joint that 

was opened and air-dried, (2) joint that was dabbed in saline for 60 min and air-dried (n=5, error bars=95% 
confidence limit)34 

 

The contact angle increased until it reaches a value of approximately 94º for samples dried in air (curve 

1). The cartilage samples that were dabbed in saline for 60 min (curve 2) have a contact angle of 98º. 
Once exposed to air, the hydrophilic surface slowly became hydrophobic.34 

Table 3 presents the contact angle of different types of cartilage using the sessile drop method found in 

the literature.  

 
Table 3 Contact angle of different specimens measured by the sessile drop method 

Sample Contact angle (° ) Method 

Human Articular Cartilage 76-10334 Sessile Drop 

Human Knee 8039 Sessile Drop 

Human Arthritic Worn Knee 6334,39 Sessile Drop 

Human Arthritic Unworn Knee 6839 Sessile Drop 

Human Arthritic Hip 5634,39 Sessile Drop 

 

From the table presented we can conclude that the contact angle depends on the type of material. The 
sessile drop method influences its wettability since the surfaces are dry or partially dry and the cartilage 

is in a hydrated state in the human body.  
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2.2. Main Articular Pathologies 

 

Articular cartilage can be damaged by high or rapidly applied loads caused by sports injuries or abrupt 

impacts that occur in accidents. Otherwise, cartilage can also be altered at a slower rate by interfacial 

fatigue and wear. This type of wear is commonly developed from a considerable amount of repetitive 

motion that is common in certain professions such as dancers, textile weavers and miners.29,40 

Additionally, advancing age increases the rate of cartilage wear. As cartilage ages, many modifications 

occur, including a reduction in the chondrocyte density, a decrease in the PGs aggregate size and the 

overall thinning of the cartilage. The pore area at the surface of the bone, such as the femur, is known 
to increase with age, decreasing the overall fracture strength and increasing the susceptibility for the 

cartilage to wear.29 As the world population is becoming more elderly due to an increase in average 

human age it is important to address these issues in order to solve this problem.  

Overweight has also a significant effect in cartilage damage since concentrations of weight-bearing 

forces destroy chondrocytes and disrupt the ECM.41 

The SYN in pathological joints has altered transport characteristics which affect the composition of the 

SF. Therefore, the retention of lubricant molecules within the joint is influenced by membrane properties 

such as permeability and volume fluxes. When there is an inflammation in the joint, FLS rapidly 
proliferate, causing the SL to thicken, this phenomenon is known as synovial hyperplasia.  

Thus, the composition and function of SF are altered in injury and disease, both due to changes in SF 

and in the joint structures. SF is in direct contact with AC, SYN, meniscus and ligament, which also 

change in injury and disease. There are also changes in cellular metabolism and structure in the 

mentioned tissues. The disease-associated changes observed in SF likely contribute to and are 

exacerbated by the effects of pathology on other tissues (Figure 6).1  

 

 
Figure 6 Schematic view of changes to synovial joint between normal (A) and arthritic (B) conditions, including 

effusion, synovial hyperplasia, and altered protein, lubricant, cytokine, and enzyme composition. V is the 
vasculature, L is the lymphatics, SS is the synovial subintima, SL is the synovial lining, SF is the synovial fluid and 

AC is the articular cartilage1 
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2.2.1. Osteoarthritis 

 

Osteoarthritis (OA) is a disorder of the musculoskeletal system, characterized by the destruction of 

articular cartilage, and is a common problem in most countries of the world, affecting more than 50% of 

those who have 65 years and older.2,42,43 The symptoms of this type of disease make life difficult and 

painful since the joint becomes stiff, swollen and deformed.44 Etiology of OA was primarily related to the 

process of human ageing, but recent studies have demonstrated that synovitis and the resultant pro-

inflammatory mediators should also be taken into account as important factors in their pathogenesis. 

Hence, OA is caused by mechanical reasons such as wear and tear on joints.2,3 
Loss of joint space, subchondral cysts with sclerosis, and osteophytes are characteristics of OA. 

Moreover, the cartilage shows areas of softening, fibrillation, fissures or gross erosion and there may 

be areas with cartilage loss with subchondral bone exposed. Water content in OA is increased while 

proteoglycans are decreased and for this reason the chondroitin/keratin sulphate ratio is increased.18 

Collagenase, a catabolic enzyme, is present in OA and disrupts the organization and orientation of the 

type II collagen and therefore breaks the structure of cartilage. HA is decreased in OA which affects the 

lubrification of the joint.2,3 OA is associated with the concentration of certain elements in body fluids. 

Selenium levels are usually higher for patients with OA.45 
Adapala et al.46 concluded that during the process of articular cartilage maturation from 6-weeks to 6-

months of age in normal pigs, genes associated with inflammatory responses to injury were upregulated 

and genes involved in the development and vascular responses were downregulated. These findings 

suggest that during AC maturation, the transcriptional changes might increase the susceptibility of 

cartilage to inflammatory damage and decrease the regenerative capacity.  

 

 
Figure 7 Comparison between a healthy knee and an osteoarthritic knee47 

 

2.2.2. Rheumatoid Arthritis  

 
Rheumatoid Arthritis (RA) is a chronic, systemic, autoimmune and inflammatory disease of joints of 

unknown etiology in which the major target tissue is the SL of joints, bursae and tendon sheaths, 

although the vasculature and other organs can be affected.4 T cells are present in the synovium and 

stimulated antigen-presenting cells interact with T and B cells in the lymph nodes, which promotes 

cytokine and chemokine production, lymphocyte differentiation and autoantibody formation. The T and 
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B lymphocytes migrate to the joints and interact with resident macrophages, dendritic cells, synoviocytes 

and osteoclasts, resulting in the recruitment of additional inflammatory cells to the joint space, 

production of degradative enzymes and inflammatory cytokines, neoangiogenesis and synoviocyte 

hyperplasia.4 Once the inflammatory process is established, the inflammatory synovium invades and 

erodes the underlying cartilage and bone. The concentration of HA in SF is decreased in RA samples 

and its molecular weight is slightly smaller.1 

This disease is heterogeneous not only clinically but also pathologically, serologically and genetically. 
Gender and age are two factors contributing to disease occurrence. The age factor is associated with 

accelerated immune aging while the female gender has the impact of X chromosome, microchimerism 

and lifestyle.5 RA is also associated with the concentration of certain elements in body fluids. Cu 

concentrations are higher in patients with RA than in those suffering with OA, as well as when compared 

with healthy people. Zn and Fe levels are significantly lower in the serum of patients with RA in 

comparison with healthy ones. Furthermore, average levels of toxic metals such as As, Cd, Hg and Pb 

are significantly higher in blood samples of RA smoking patients, whereas other elements such as Zn, 

Mn, Cu and Se are lower in RA patients when compared with health control groups.45 
Aigner et al.48 examined samples of late stage rheumatoid cartilage and observed that the activation of 

type II collagen was dependent on the proteoglycan distribution. Chondroid metaplasia of pannus tissue 

overlaying one specimen also showed strong type II collagen synthesis. Untreated synovitis can result 

in an inflammatory, destructive pannus that destroys cartilage, bone and other articular structures, 

resulting in joint deformity and chronic pain as illustrated in Figure 8.4 

 

 
Figure 8 Pathophysiology of RA. The left side of the figure is of a normal synovial joint. The right side of the figure 

demonstrates key pathophysiologic processes, including synovial hyperplasia, inflammatory cell recruitment, 
neoangiogenesis, and periarticular bony erosions4 

 

Hills et al.39 observed loss of the outermost hydrophobic lining (Superficial Zone of the cartilage) in a 

knee from a patient diagnosed with RA.  
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2.3. Therapeutic Solutions  

2.3.1. Current Approaches  
 

Articular cartilage defects do not instantly heal, and the current treatment available for damaged articular 

cartilage is limited. It is important that whichever treatment is used, the joint must maintain the freedom 
of movement that would be expected.29 

When the cartilage damage or arthritis is mild, physiotherapy can be used to strength the surrounding 

muscles.29 Muscle strengthening and aerobic exercises lead to a moderate decrease in pain and 

therefore exercise is recommended for patients with OA or RA. Physical aids and supports include joint 

braces, shoe wedges/insoles, walking aids and taping that help the life of patients on a daily basis.8 

In the first stages of the joints disease a pharmacological approach is attempted to reduce pain. 

Paracetamol is widely used for mild to moderate pain relief in the treatment of OA symptoms. However, 

paracetamol fails to inhibit the formation of PGs in peripheral tissues and does not suppress the 
inflammation of RA. Paracetamol 975/1000 mg is as effective as aspirin 600/650 mg, but less effective 

than ibuprofen 400 mg and diclofenac 50 mg. Paracetamol is known to have fewer long-term 

gastrointestinal adverse effects than other non-steroidal anti-inflammatory drug (NSAID) treatment 

options, though long-term use is associated with renal and hepatic problems.8,49  

Rubefacients are topical agents, which contain NSAIDs or capsaicin and act as an analgesic. They can 

be used for the treatment of OA pain and are mostly seen as a safe option.8 

Nutriceuticals such as glucosamine and chondroitin are often taken as dietary supplements since they 

reduce the symptoms of OA and retard its progression. However, the research in this field is small and 
therefore, there is a necessity for better quality studies in order to establish a conclusion for this type of 

treatment.8 

Acute pain is usually activated by an inflammatory process, so the initial strategy to attain analgesia 

normally involves the use of anti-inflammatory drugs. Nevertheless, the sole inhibition of inflammation 

may not be sufficient to obtain adequate analgesia. NSAIDs, including selective cyclo-oxygenase 

enzyme (COX-2) inhibitors, combine anti-inflammatory effects with analgesic actions on peripheral and 

central neural targets. Ibuprofen and diclofenac are NSAIDs and it is estimated that over 30 million 
patients ingest these for the treatment of pain and inflammation on a daily basis.8,49,50 

Diclofenac is a preferential COX-2 inhibitor that has been extensively used for the treatment of RA and 

OA.51 Diclofenac is anionic and soluble in water as salt but in its acidic form, it is a hydrophobic drug.52 

In addition to standard (12.5, 25, 50, 75 mg) and slow release (100 mg) formulations, diclofenac is also 

available as suppositories and a 1% topical agent.  

Guyot et al.50 studied the efficacy and safety of diclofenac in osteoarthritis and concluded that diclofenac 

150 mg/day was more efficacious for pain relief than ibuprofen 1200 mg/day, and diclofenac 150 mg/day 

had likely favorable outcomes for pain relief compared to ibuprofen 2400 mg/day.  
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Figure 9 Diclofenac chemical structure 

 

In more advanced stages of joint disease, surgery options may be considered in order to treat the 

damaged cartilage. Several different techniques are used in the arthroscopic surgery, such as lavage 

where proinflammatory cells and their destructive enzymes are removed, as well as cartilage 

degradation products, debridement where surgical removal of all inflammatory and damaged native 
tissues is performed leaving only normal native tissue, abrasion, attempted repair of cartilage defects 

and arthroscopic cartilage transplantation.6–8 Arthroscopic surgery is effective in the treatment of the 

knee, labral tears of the hip, cartilage flaps, small chondral defects and loose bodies.11  

Microfracture is an arthroscopic technique where a blood clot is formed by creating fractures on the 

bone. The hematoma contains materials from the bone marrow such as mesenchymal stem cells that 

are capable of differentiating into chondrocytes in order to create new cartilage. This method is fast and 

relatively non-invasive, however, the blood clot is often unable to completely fill the defect. In addition, 
the cartilage formed is not hyaline cartilage but rather fibrocartilage, which is denser, weaker and has 

lower stiffness at the knee.18,29  

Goyal et al.53 studied the use of microfracture for the treatment of small lesions in patients with low post-

operative demands and obtained good clinical outcomes at short-term follow-up. Beyond 5 years post-

operatively, treatment failure after microfracture could be expected regardless of lesion size. Moreover, 

younger patients showed better clinical outcomes.  

 

 
Figure 10 Arthroscopic view of microfracture18,54 

 

In osteochondral autograft transplantation (OAT), also known as mosaicplasty, hyaline cartilage and 

subchondral bone from a non-load-bearing region is transplanted to the load-bearing damage site.54 
However, cartilage from the load-bearing region may not be the solution as it may not be suited to high 
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loads. Therefore, a solution is to have healthy cartilage from a donor which has a possible risk of 

rejection from the immune system.18,29 

Solheim et al.55 concluded that mosaicplasty leads to an improvement of symptoms and function in 

knees with AC defect at short- and medium-term follow-up. The majority of the patients (77%) 

experience an improvement of symptoms and function compared with the pre-operative situation. 

However, a deterioration of the results is observed from 12 months postoperatively to 5 to 9 years 

postoperatively.  
Autologous chondrocyte implantation (ACI) has the ability to create a hyaline or hyaline-like repair. This 

method involves extracting healthy cartilage from a non-weight-bearing area for the culture of 

chondrocytes. The cells are then introduced to the damaged site under a perichondrial flay. Alternatively, 

in a matrix-induced autologous chondrocyte implantation (MACI), a scaffold, which is a type I/III 

collagen, is inserted into the defect before the cells are introduced.18,29,54 

Peterson et al.56 evaluated the durability of autologous chondrocyte transplantation grafts in 61 patients 

treated for isolated cartilage defects on the femoral condyle or the patella and their results indicate the 

importance of patient status at 2 years as an indicator of future outcome. Patients who have returned to 
the normal activities of daily living and sport by 2 year after ACI are able to continue these activities in 

the long term. In most patients with graft failure, the grafts fail within the first 2 years after implantation. 

After that period, graft survival is close to 100% between 3 and 8 years later.  

Total joint replacement (TJR) is an orthopedic procedure for which surgeons have a large choice of 

different materials and implant designs to substitute the natural joint. Figure 11 shows the main 

components of a hip joint prosthesis.57 Total joint replacement is beneficial for severe OA and RA of the 

hip or knee and maintaining quality of life, preserving the bone and soft tissues, as well achieving a very 

stable implant, are the goals of every orthopedic surgeon.8,58 Implant design, as well as their shape, 
length, material and associated surgical technique all play important roles in the success of total joint 

replacement.58 

 

 
Figure 11 The basic components of the design of a hip prosthesis57 
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Table 4 Most common Orthopedic Biomaterials22 

Material Primary use 

Metals  

• Ti alloy  Plates, screws, TJR components (nonbearing surface) 

• Co-Cr-Mo ally TJR components  

• Stainless steel TJR components, screws, plates, cabling 

Polymers  

• PMMA Bone cement  

• UHMWPE Low-friction inserts for bearing surfaces in TJR 

Ceramics  

• Alumina (Al2O3) Bearing-surface TJR components 

• Zirconia (ZrO2) Bearing-surface TJR components 

 

In a cemented total hip arthroplasty (THA), both components of the joint are fixed to the bone by acrylic 

bone cement. In order to obtain a cemented implant, a meticulous technique is performed which includes 

pressurization of the cement into a clean and dry bone bed, with centralization of the prosthesis to help 

ensure a uniform cement mantle. A homogeneous polymer with minimal stress-concentrating inclusions 

is obtained by using vacuum mixing or centrifugation.  

In a hybrid THA, only one of the two components are fixed to the bone by acrylic bone cement. Usually, 

the cup is cementless and the stem is cemented, but the reverse way is also possible with cemented 
cup and cementless stem.59,60 

In THA the main problem is the wear of the polyethylene (PE) from the acetabular liner and periprosthetic 

osteolysis due to an inflammatory reaction to PE wear debris in the surrounding of the human joint.59  

Metal-on-metal (MoM) articulations made from stainless steel or cobalt-chromium alloy demonstrate 

minimal wear due to fluid film lubrication. However, breakdown of lubrication, inadequate prosthesis 

designs and suboptimal implant positioning have been associated with the generation of metallic 

particles and ions that are toxic to bone and soft tissue.59 

Khouzani et al.61 investigated the failure of a femoral hip prosthesis, made of AISI 316 L stainless steel, 
in a 69 years old patient with a weight of 70 kg. The visual and SEM examinations revealed fatigue 

fracture being the major failure mechanism of the broken implant.  

The ceramic-on-ceramic (CoC) bearings have numerous advantages such as low friction, high wear 

resistance, low wear particles generated, low incidence of osteolysis and the possibility to use larger 

femoral heads in order to obtain better stability. Further evidence is that CoC bearings can be used in 

younger patients who practice physical activities involving repetitive impact loading such as running and 

skiing. On the other hand, some difficulties are found for ceramic bearings with acetabular cup assembly 
with incomplete seating, liner canting and dissociation, liner chipping and fracture. When the 

components are not precisely implanted, there is edge loading with striped wear and squeaking with 

some implants due to faulty lubrication at the bearing surface. Moreover, these types of bearings are 

expensive, and they have demonstrated other complications such as poor design, inadequate seating 

of modular components, chipping, striped wear, squeaking and breakage.59,62 
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Nowadays, the gold standard is a metal or a ceramic sliding on ultra-high-molecular-weight polyethylene 

(UHMWPE) femoral heads, which is a semicrystalline polymer.62,63 The main problem for UHMWPE is 

the degradative oxidation that leads to wear debris, which is recognized as being the main cause of 

failure in joint replacements based on this type of material.9,10  

Trommer et al.10 evaluated the wear in a UHMWPE-Metal hip implant tested in a hip joint simulator and 

concluded that two main mechanisms determined polymer wear. The first one was abrasion, by second-

body action of counterface metal asperities and by third-body debris and the second one was 
adhesion/fatigue, disclosed by micro-scale ripples, resulting from cyclic plastic strain accumulation. 

Going deeply into the analysis by AFM and Raman spectroscopy, it was also observed that the structure 

of the material changes after wear but in distinct modes: the scratched areas became more crystalline 

while the smooth areas remained without structural modifications.  

  

2.3.2. New Therapeutic Solutions  
 

Tissue engineering is a potential method for cartilage repair. The regenerative approach places cells 

into a hydrogel scaffold and culture them in the presence of nutrients and growth factors, and sometimes 

with the assistance of mechanical stimuli.29  

Mesenchymal stem cells (MSCs) derived from bone marrow are easy to isolate and proliferate and are 

capable of differentiating into both cartilage and bone. This way, MSCs are used to treat osteochondral 
and chondral defects.64 

Kafienah et al.65 engineered a three-dimensional hyaline cartilage using bone marrow MSCs from 

patients with OA and repaired cartilage lesions by using a scaffold.  

In order to examine whether MSCs transplantation could reverse the OA process in the knee joint, four 

patients with knee osteoarthritis were selected. Bone marrow MSCs were injected in one knee of each 

patient and Davatchi et al.66 concluded that the walking time for the pain to appear improved for three 

patients and remained unchanged for one and the number of stairs they could climb and the pain on 

visual analog scale improved for all of them.  
Additionally, ACI-like and MACI-like strategies can use bone marrow MSCs in conjunction with scaffolds 

as opposed to autologous chondrocytes. Nejadnik et al.67 concluded that bone marrow MSCs in 

cartilage repair is effective as chondrocytes for cartilage repair. Furthermore, it required one less knee 

surgery, reduced costs and minimized donor-site morbidity.  

Cartilage regeneration appears to be the main clinical alternative for avoiding intrusive surgeries with 

totally artificial joint components in favour of regeneration therapies.11 Patients benefit from this 

technique since it requires less reconstruction and nurtures the body’s own ability to heal itself, and it 
brings long-term functionality and mobility. Therefore, the goal is to have a material that mimics cartilage.  

Hydrogels are insoluble water-swollen networks that are being widely investigated for biomedical 

applications such as drug delivery and tissue engineering. These polymers consist of a wide range of 

chemistries and can be formed through a variety of mechanisms, including physical and chemical 

gelation.68  New cartilage repairing materials have been pursued with an excellent performance for the 

treatment of articular cartilage defect. 
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Many strategies have been studied in order to prevent loss of the chondrocyte phenotype and 

subsequent matrix degradation.42 Tripathi et al.69 studied synthesized agarose-alginate scaffolds using 

cryogelation technology where macroporous cryogels show quick swelling kinetics with viscoelastic 

properties. These two polymers have been investigated for biomedical applications, however, agarose 

shows a rigid structure and alginate has weak mechanical stability.29,69 Chang et al.70 demonstrated by 

confocal microscopy and image analysis that the spatial and temporal differentiation of type VI collagen 

in the pericellular microenvironment of adult articular chondrocytes were cultured long-term in agarose 
gel.  

Chitosan gels have been used for tissue engineering applications.71 Chitosan inactivates the metal 

proteinases that are responsible for the degradation of collagen and interaction with the growth factors 

for their retention at the treatment site. Moreover, chitosan is suitable for the differentiation of the 

chondrocytes in mesenchyme of human bone marrow, thereby helping aid proliferation and it has the 

ability for synthesis of ECM. Chitosan scaffolds are able to mimic the properties and functions of type II 

collagen while retaining the spherical morphology, thereby rendering them capable of being used in 

cartilage repair.29,72 Liu et al.73 built dual network hydrogels using thiolated chitosan and silk fibroin and 
concluded that the gels are highly porous with high swelling index, some gels have been significantly 

enhanced in their strength, stiffness and elasticity, and the optimal gels support the growth of seeded 

chondrocytes while effectively maintaining their phenotype.  

Hyaluronic acid hydrogels are fabricated as microspheres, sponges and fibers depending on the 

intended application.68 Additionally, hyaluronic-acid-based scaffolds are another means of implanting 

chondrocytes within a 3D biodegradable environment. These types of scaffolds promote and maintain 

the chondrocyte phenotype and collagen type II synthesis during in vitro culture, as well after 

implantation.64  
Regarding synthetic polymers, polycaprolactone (PCL) is a bioresorbable polymer and it is used to 

produce scaffolds that provides a means for maintaining structural integrity of the tissue-engineered 

construct while the cartilage ECM is being produced.74 Martinez-Diaz et al.75 observed a PCL naked 

particle-leached scaffold with elastic moduli of 5 MPa and porosity values up to 70%, which 

demonstrates that PCL is mechanically sufficient for cartilage engineering purposes.76 

Fujihara et al.77 fabricated new type of guided bone regeneration (GBR) membranes by PCL/CaCO3 

composite nano-fibers and observed good cell attachment manner. Xue et al.78 prepared electrospun 
membranes of gelatin/PCL into rounded shapes and then seeded chondrocytes in the sandwich model. 

After in vitro and in vivo cultivation, the newly formed cartilage-like tissues were harvested. Macroscopic 

observations and histological analysis confirmed that the engineering of cartilage was feasible. In 

addition, the engineered cartilage showed good elasticity and impressive mechanical strength.78  

PCL/PGA (poly (glycolic acid)) scaffolds have high porosity and high-water uptake and Jonnalagadda 

et al.79 studied the effect of cryomilling times on the resultant properties of porous biodegradable 

PCL/PGA scaffolds for articular cartilage tissue engineering. The results show that pore size decreased 

with increase in cryomilling time and the compressive properties increased with increase in cryomilling 
time. Moreover, pore size was attained in the optimal range for tissue engineering and chondrocyte 
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ingrowth and the compressive modulus matched the compressive modulus of human articular 

cartilage.79  

Poly(N-isopropylacrylamide) (PNIPAM) is a temperature-responsive polymer that when heated in water 

above 32ºC, it undergoes a reversible lower critical solution temperature (LCST) phase transition from 

a swollen state to a shrunken dehydrated state, losing about 90% of its volume. PNIPAM has low cell 

adhesiveness and bioactivity and in order to improve this, it has been blended or copolymerized with 

natural components such as hyaluronic acid, chitosan, gelatin, collagen, alginate and cellulose. Atoufi 
et al.80 synthesized injectable thermosensitive PNIPAM/hyaluronic acid hydrogels containing various 

amounts of chitosan-g-acrylic acid coated polylactide-co-glycolide (ACH-PLGA) micro/nanoparticles in 

order to regenerate cartilage tissue. The results showed improved mechanical properties, low syneresis, 

the ability of sustained drug release and high bioactivity.80 

Polylactic acid (PLA) is a thermoplastic aliphatic polyester that can be used for the treatment of cartilage 

damage. Kamel et al.81 developed a PLA-coated micellar nanosystem of Resveratrol, an anti-

inflammatory drug. The study demonstrated that intra-articular administration of the designed 

Resveratrol-loaded mixed micellar nanosystem reduced the severity of cartilage lesions and synovial 
inflammation in the experimental arthritis model, which proves the success of the site-specific 

restorative/anti-inflammatory treatment for combating the progress of rheumatoid arthritis.81  

Polyglycolic acid (PGA) is a biodegradable and thermoplastic polymer that is used in the biomedical 

field. Endres et al.82 evaluated the applicability of a resorbable three-dimensional polymer of pure PGA 

for the use in human cartilage tissue engineering under autologous conditions. The induction of the 

typical chondrocyte marker genes including cartilage oligomeric matrix protein (COMP) and cartilage 

link protein after two weeks of tissue culture indicates the initiation of chondrocyte re-differentiation by 

three-dimensional assembly in fibrin and PGA. Additionally, histological analysis of human cartilage 
tissue engineering grafts after 6 weeks of subcutaneous transplantation demonstrates the development 

of the graft towards hyaline cartilage with formation of a cartilaginous matrix comprising type II collagen 

and proteoglycan.82 

Polyvinylpyrrolidone (PVP) is a hydrophilic and biocompatible polymer which is used with other polymers 

in order to form blend hydrogels. PVP can be used as a lubrication additive for artificial knee joint since 

improves wear resistance and with PVP concentration increasing, the friction coefficient firstly 

decreases significantly but subsequently tapers off after a high level.83 
In the present work, PVA was chosen as a model material for artificial cartilage.  
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2.3.2.1. PVA Based Materials  
 

Polyvinyl alcohol (PVA) hydrogel, illustrated in Figure 12, has been widely used as the model material 

for cartilage-like materials.12  

 

 
Figure 12 PVA chemical structure  

 

PVA is a water-soluble synthetic polymer with the chemical formula [CH2CH(OH)]n and is the most 

tested hydrogel as a potential artificial articular cartilage since hydrogels were first developed in 
1958.15,26 PVA can be easily processed and modified to have similar fluid content as articular cartilage 

up to 65 to 80% and has a good and biodegradability. There are many forms to fabricate PVA hydrogels 

and physically crosslinked PVA hydrogels formed by freeze-thawing provide an easy method of 

producing monomer-free or crosslinker-free hydrogels that are highly biocompatible.84–86 The hydrogels 

are frozen at -20ºC and thawed at room temperature.86,87 Multiple freeze-thaw cycles result in denser 

crosslinked networks and harder hydrogels.88 

The 3D network structure of PVA has pores similar to the native cartilage, and PVA is hydrophilic and 
produces low frictional behaviour. Water within its porous structure is squeezed out to the contact area 

when a load is applied on PVA. Thus, the load is mostly supported by the fluid phase and low friction is 

achieved. Furthermore, PVA hydrogels can present a mild reaction in contact with body tissues such as 

calcification when exposed for a long period of time to biological fluids.13,15,16,89 Concerning tribological 

properties, PVA polymerization and polymer concentration has relatively smaller effects on friction 

coefficient, while the friction coefficient is primarily dependent on lubrication conditions and applied 

load.26,90 

The mechanical strength is not sufficient to withstand the in vivo loads of the joint where the axial load 
can be as high as five times the body weight.84 In order to improve the mechanical performance of the 

hydrogel, PVA is combined with other materials and post-gelation treatments such as thermal annealing 

can improve compressive strength of PVA by reducing the water content and increasing PVA 

crystallinity. However, thermal annealing influence surface lubricity due to significant water loss.16,17,84,91 

Heating effect on PVA solubility is related to the break of intra- and intermolecular hydrogen bonds. By 

raising temperature, intra- and intermolecular forces are diminished, disrupting the hydrogen bonds and 

enabling therefore an increase of its solubility in water.91 
Peppas et al.87 investigated the changes that occurred upon immersion of the freeze-thawed PVA 

hydrogels. After freeze-thawing and immersion in water, the samples exhibited high swelling rations. 

The higher degree of hydrolysis the lower the swelling ratio.87  
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Ma et al.15 observed the microstructure of PVA hydrogels under the scanning electron microscope 

(SEM) as illustrated in Figure 13 and the internal structure of the PVA hydrogel is valley-shaped 

distributed with lots of micro pores. It is considered as the result of the arrangement of PVA chains 

during freezing process and evaporation of water during thawing process.15 

 

 
Figure 13 SEM micrograph of pure PVA hydrogel15  

 

Holloway et al.92 analyzed the in vitro swelling behavior of PVA hydrogels in osmotic pressure solution 

for soft tissue replacement and concluded that it is possible to tailor PVA hydrogels through careful 
modification of the polymer concentration and freeze-thaw cycles during hydrogel preparation to match 

a both desired swelling ratio and a desired compressive modulus or porosity. The authors studied 

polymer solutions with 10, 20, 30 and 35 wt.% polymer, composed of 99 wt.% PVA and 1 wt.% PVP in 

deionized water. They observed that higher compressive modulus values were observed with higher 

concentrations of PVA. For all polymer concentrations, linear relationships between freeze-thaw cycles 

and compressive modulus were observed through the first six freeze-thaw cycles. After six cycles, the 

compressive modulus did not increase significantly and reached a plateau as illustrated in Figure 14. 

The values of the compressive modulus after six cycles for the 10, 20, 30 and 35 wt.% PVA hydrogels 
were 0.070±0.008 MPa, 0.241±0.010 MPa, 0.678±0.030 MPa and 0.801±0.040 MPa, respectively.92  

 

 
Figure 14 Compressive modulus of 10, 20, 30 and 35 wt.% PVA hydrogels with increasing freeze-thaw cycles. 
Trend lines ( - - - ) represent a linear best fit through the first six cycles followed by the average value within the 
plateau region. Tests were performed in PBS at 37°C. Each sample was compressed to 15% strain at a strain 

rate of 100% per minute. The sample size was approximately 15 mm in diameter and 7 mm in height.92 
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Tensile modulus values also increased with polymer concentration and number of freeze-thaw cycles 

through six cycles. The values of the tensile modulus after six cycles for the 10, 20, 30 and 35 wt.% 

PVA hydrogels were 0.066±0.007 MPa, 0.224±0.024 MPa, 0.774±0.044 MPa and 1.018±0.007 MPa, 

respectively.92  

In PVA/PVP blend hydrogels, the incorporation of PVP molecules to PVA improves polymer network 

stability through interchain hydrogen bonding between PVA hydroxyl groups and PVP carbonyl groups, 

which increases the crystallinity and decreases the degradation of PVA hydrogels and makes the 
compound surface smoother. Moreover, the coefficient of friction (CoF) is reduced as PVP is added to 

PVA hydrogels.15,26,89 Shi et al.26 analyzed the microstructures of PVA/PVP hydrogels and observed an 

internal three-dimensional network structure with a lot of micropores on the surface, which is similar to 

the natural cartilage.  

Polyacrylic acid (PAA) is a hydrophilic polymer with the chemical formula (C3H4O2)n as illustrated in 

Figure 15.  

 

 
Figure 15 PAA chemical structure 

 

In a PVA hydrogel, the water content increases with the increasing of PAA%. The water is generated in 

the esterification reaction between carboxyl groups in PAA molecules and hydroxyl groups in PVA 

molecules at high temperature. When the PAA content increases occurs a rapid decrease of crystallinity 

of PVA and when the PAA content equals or exceeds 50 wt.% there is a complete suppression of the 

PVA’s crystallinity.93  
Awadallah-F studied a PVA/PVP/PAAc hydrogel in order to mimic the knee joint meniscus and the 

mechanical tests showed that the yield stress is similar to human knee meniscus.94 

Chen et al.12 prepared and analysed a PVA-HA/PAA composite hydrogel. The water content was up to 

85.97% and the effects of HA and PVA on the water content was the largest. The effects of PVA and 

freeze-thawing cycles on the stress relaxation of PVA-HA/PAA composite hydrogel were the largest. 

Annealing temperature and freeze-thawing cycles have the largest effect on the compressive elastic 

modulus of the hydrogel. The authors concluded that the PVA-HA/PAA composite hydrogel with 

freezing-thawing cycles of 3, annealing temperature of 120ºC, PVA of 16% and PAA of 4% had the 
optimal comprehensive properties.12  
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Chen et al.95 observed a PVA-HA/PAA composite hydrogel with porous networks, where pores are large 

with 10 µm, interpenetrated and distributed uniformly. There is a smooth and dense surface topography 

in the hydrogel as illustrated in Figure 16.95  

 

 
Figure 16 SEM micrograph of PVA/PAA composite hydrogel95 

 

Moreover, in their study, Chen et al.95 observed a weaker absorption peak at 1735 cm-1 in the FTIR 

spectra that is caused by stretching and vibrating of C O group in PAA molecule, indicating that 

dehydration reaction occurred between hydroxyl groups in PVA molecules and carboxyl groups in PAA 

molecules during heating process, forming crosslinking points. The swelling ratio of PVA-HA/PAA 

composite hydrogel is higher and the swelling ratio of the annealing PVA-HA/PAA is lower. Regarding 

tensile properties, the tensile stress-strain curves of the PVA-HA and the PVA-HA/PAA hydrogels show 

a nonlinear relationship, presenting a typical viscoelastic behaviour. The PVA-HA has a Young’s 
modulus equal to 0.47 MPa and the PVA-HA/PAA has a Young’s modulus of 0.34 MPa. The PVA-HA 

has higher CoF under 10 mm/s and 10 N and 20 N when compared to the PVA-HA/PAA.95 

Polyethylene glycol (PEG) is a condensation polymer of ethylene oxide and water that has several 

chemical properties that make it useful for biological, chemical and pharmaceutical applications. PEG 

is illustrated in Figure 17 with the chemical formula H-(O-CH2-CH2)n-OH. Moreover, PEG can have a 

high water content in order to form hydrogels and prevent pore collapse.68  

 

 
Figure 17 PEG chemical structure  

 

Macias et al.96 studied methods to detect PVA in a solution with DI water, saline solution and bovine 

serum as solvents and used these methods to quantify dissolution of the PVA-PEG theta-gels. Iodine 

complexation was used to determine PVA concentration in solution using UV-Vis spectrophotometry. 
The addition of PEG resulted in a cloudy complex, and consequently a higher absorbance than the 
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complex formed with PVA alone, presumably due to the competing secondary complex formation 

between short PEG chains and iodine.96  

Bichara et al.97 repaired an osteochondral defect using a PVA/PAA hydrogel with 25 w/w% total polymer 

content, keeping the PVA:PAA weight ratio as 19:1 PAA. The hydrogels were subjected to a 24h freeze-

thaw cycle followed by immersion in PEG and an annealing treatment. The authors concluded that the 

PVA-PAA hydrogel was fully biocompatible, did not disrupt the adjacent subchondral bone architecture, 

and performed well as a condylar osteochondral tissue replacement in a New Zealand white rabbit 
osteochondral defect model for 12 weeks.97  

Choi et al.84 studied the effects of PEG doping in a 70/30 PVA/PAA gel and observed that the PEG-

doped and annealed gels showed the presence of pores whereas the gels that were annealed without 

PEG doping showed no visible pores under confocal microscopy. Moreover, the PEG-doped and 

annealed 70/30 PVA/PAA gels were more lubricious (CoF=0.14±0.01). Regarding the effect of 

annealing conditions on the 90/10 PVA/PAA gel, results show that annealing in air resulted in a lower 

CoF than annealing in argon gas, longer annealing time in argon gas increased the CoF and increasing 

the annealing temperature did not affect the CoF. Adding small quantities of PAA prior to annealing 
improved the creep resistance and decreased the CoF.84 

In the present work, a PVA/PAA composite hydrogel is studied with or without PEG in order to achieve 

good lubrification, mechanical properties and drug release ability.12 

 

2.3.2.2. Controlled Drug Release  

 

Synthetic materials used in the replacement of cartilage may be used as drug carriers. Several 
approaches have been explored to control drug release, namely the incorporation of nanoparticles, 

specific molecules that bind or interact with the drug or techniques like imprinting, creating cavities with 

the shape of drug molecules. 

Shin et al.98 investigated a temperature- and pH-sensitive PVA/PAA interpenetrating polymer network 

and the release of the model drug, indomethacin, was studied under varying environmental conditions. 

They observed that the amount of drug released increased as the temperature was increased due to 

the association of hydrogen bonding and resulting increase in swelling. A more significant change in 
drug release was observed when changing the pH of the environment. This was attributed to the 

ionization created within the network. It was concluded that the release rate of the drug could be 

optimized in such a system by controlling the degree of swelling/deswelling as a function of pH and/or 

temperature.86,98 In a further work, Shin et al.99 examined the permeation of non-ionic and ionic solutes 

through interpenetrating polymer networks of PVA and PAA. Non-ionic solutes showed permeation 

results corresponding with the swelling in response to changes in the environment. On the other hand, 

with the permeation of ionic solutes, different trends were observed due to the attraction or repulsion 

between ionized groups in the gel and ionized electrolytes in solution.86,99  
PEG is often used in drug delivery, therefore, Wang et al.100 studied a dual drug release from 

poly(lactide-co-glycolide) (PLGA)/PEG electrospun fibers. Acyclovir, an antiviral, was used as a small 

model drug and bovine serum albumin (BSA) was used as a protein model drug for co-delivery with 
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acyclovir. The release profiles of the encapsulated drugs can be affected by PEG in a double way: on 

the one hand adding more PEG to PLGA fibers could produce thicker fibers thus resulting a slower drug 

release, on the other hand PEG with a rather faster dissolution rate could accelerate drug liberation. 

The optimization of an appropriate amount of PEG is of key importance in order to formulate scaffolds 

with desired characteristics.100 

Das et al.101 synthesized hydrogels composed of PVA and PEG using glutaraldehyde as a crosslinker 

and investigated the controlled delivery of the common anti-inflammatory drug, ibuprofen. In order to 
regulate the drug delivery, solid inclusion complexes (ICs) of IBF in β-cyclodextrin (β-CD) were prepared 

and added to the hydrogels. The ICs were prepared by the microwave irradiation method, which is more 

environmentally benign. Controlled release of drug was achieved from the hydrogels containing the ICs 

in comparison to the rapid release from the hydrogels containing free IBF as illustrated in Figure 18. 

The preliminary kinetic analysis highlighted the important role of β-CD in the drug release process that 

influences the polymer relaxation, thereby leading to prolonged release.101 

 

 
Figure 18 IBF release profiles from a) HG1-IBF, HG2-IBF, HG3-IBF, HG4-IBF, and HG5-IBF, and b) HG1-IC, 

HG2-IC, HG3-IC, HG4-IC, and HG5-IC hydrogels in pH 7.4 buffer at 37°C. HG1 sample has a polymer solution 
with 10 %w/v PVA, 1%w/v PEG and 0.05 %v/v GA, HG2 sample has a polymer solution with 10 %w/v PVA, 

2%w/v PEG and 0.05 %v/v GA, HG3 sample has a polymer solution with 10 %w/v PVA, 3%w/v PEG and 0.05 
%v/v GA, HG4 sample has a polymer solution with 10 %w/v PVA, 4%w/v PEG and 0.05 %v/v GA, and HG5 

sample has a polymer solution with 10 %w/v PVA, 5%w/v PEG and 0.05 %v/v GA.101 

 

Vitamin E has been used in order to increase drug release durations from biomedical devices. Vitamin 

E is a hydrophobic liquid that acts as a diffusion barrier since the ion permeability is reduced. 

Nevertheless, it is important to ensure that the level of permeability is adequate for in vivo applications. 

It is also important to ensure that incorporation of the vitamin E does not reduce the wettability of the 

device.102,103  

Peng et al.103 studied the drug release from contact lenses and other biomedical devices by in situ 
creation of transport barriers of Vitamin E that force drug molecules to diffuse through long tortuous 

path. Results show that the increase in release duration is quadratic in Vitamin E loading. Loadings of 

10 and 40% Vitamin E increase release time of timolol by a factor of about 5 and 400, respectively for 

NIGHT&DAY™ lens. Similar results have been obtained for other hydrophilic drugs such as fluconazole 

and dexamethasone 21-disodium phosphate (DXP).103  

Paradiso et al.102 increased the release duration of levofloxacin and chlorhexidine from 1-DAY 

ACUVUE® TrueEye™ and ACUVUE OASYS® contact lenses by incorporating vitamin E diffusion 
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barriers. Results show that 20% of vitamin E loading in the contact lens increases the release duration 

of levofloxacin to 100h and 50h from 1-DAY ACUVUE® TrueEye™ and ACUVUE OASYS®, respectively, 

which is a 3- and 6-fold increase, respectively, for the two lenses. For chlorhexidine, the increase is 2.5- 

and 10-fold, for the TrueEye™ and OASYS®, respectively, to 130h and 170h. The vitamin E-loaded 

lenses retain all critical properties for in vivo use.102  

 

 
Figure 19 Experimental data and diffusion model fits for cumulative release of levofloxacin from a) 1-DAY 

ACUVUE® TrueEye™ lenses, b) ACUVUE OASYS® lenses, and of chlorhexidine c) 1-DAY ACUVUE® TrueEye™ 
lenses, d) ACUVUE OASYS® lenses102 

 

Enhancing drug delivery systems can improve both restorative and regenerative treatments for 

damaged cartilage.104 The goal is to have a polymer containing a specific drug in order, not only to 
substitute the cartilage, but also to provide to the surrounding tissue an anti-inflammatory substance 

useful in the recovery of the surgery. Therefore, besides the aimed good lubrification and mechanical 

properties referred previously, in this work, the PVA/PAA composite hydrogels are loaded with drug, 

diclofenac, and its release profile is studied.  

 

2.3.2.3. Sterilization 
 

Sterilization is defined as the process by which all-living cells, viable spores, virus and viroids are either 

destroyed or removed from an object. Sterilization of polymer-based implantable devices is critical in 

order to eliminate pathogenic organisms and thus minimize the risk of infection. Since all implantable 

devices must be sterile, the effect of the sterilization method on its properties has to be considered.105 
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Moreover, in the case of drug loaded devices, this issue is quite complex, because sterilization shall not 

only ensure that the material maintains adequate properties for the intended application after being 

processed, but also that the drug that it contains does not loose activity and that the drug release profile 

continuous to be adequate for the desired treatment.  

Common sterilization methods often use dry heat or steam, ionizing radiation or chemical agents.  

Steam sterilization uses an autoclave, which combines heat and moisture to achieve sterilization. 

Generally it applies high temperature (e.g. 121°C) and pressure to destroy microorganisms through the 
irreversible coagulation and denaturation of enzymes and structural proteins.106,107 The critical 

parameters of the autoclaving cycle are the temperature and duration, which are chosen in function of 

the contamination degree and of the target organisms. This type of sterilization is only suitable for 

polymers that are heat and moisture resistant, since thermal degradation and decomposition, as well 

hydrolysis can occur for heat and moisture sensitive polymers.105 

In ethylene oxide (EO) sterilization is done at low temperature using ethylene oxide gas are used. The 

efficiency of this method depends on the concentration of the gas, temperature, relative humidity and 

gas exposure duration. A sterilization cycle takes approximately 2.5 h to exclude the EO and the 
temperature ranges between 30°C and 60°C. EO is a highly flammable gas and a carcinogen, therefore 

precaution must be taken while handling. Moreover, toxic substances may remain after the sterilization 

which is not suitable for medical devices.105,107,108 

Concerning radiation sterilization, generally gamma sterilization and electron beam are used. Gamma 

rays have excellent penetration powers, while electron beam sterilization employs a constant stream of 

high-energy electrons. Both types of radiation are compatible with a wide range of polymers, but they 

have some limitations due to oxidation effects. Radiation sterilization is fast, requiring only one dose 

between 15-45 kGy, kills bacteria by breaking down the bacterial DNA and by formation of free radicals 
and is used for the sterilization of medical devices.107 Although radiation is an effective sterilization 

process, its initial capital cost is very high and it requires special facilities and trained staff.105  

High-pressure processing (HPP) is an alternative to conventional methods. Although it is widely used 

for the sterilization of food, only recently started being explored for the sterilization of medical devices. 

It is particularly advantageous for the processing of materials sensitive to heat and radiation, since it 

requires relatively low temperatures and does not involve the use of radiation. It can inactivate various 

types of microorganisms in their vegetative form.105,109 Ramos et al.110 studied the effect of HPP on the 
inactivation of G. stearothermophilus spores in ready to eat meals and concluded that high-pressure 

thermal sterilization acts synergistically to allow the destruction of bacterial spores and leads to a much 

quicker processing and economical dwell times than conventional thermal treatment. 

Industrial HPP operates at pressures between 400 and 600 MPa with processing times between 5 and 

10 minutes. Hydrostatic pressure reduces homogeneously the volume of the pressurized material. Since 

covalent bonds are not broken by pressure, the original substance components remain unchanged 

during the process.  
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An example of the pressure-temperature (P-T) history of a high-pressure thermal sterilization (HPTS) 

process at 600 MPa and 70ºC for 5 minutes, showing three phases of the process cycle (pressurization, 

constant pressure and depressurization) is illustrated in Figure 20.111  

 

 
Figure 20 Pressure and Temperature (P-T) history of a HPTP process at 600 MPa and 70°C for 5 minutes111 

 

The faster the pressurization, the greater the temperature increase during this phase. During the 

constant pressure phase, a small decrease in the temperature can be observed. Due to the temperature 
changes along the HPP process, the average temperature during this phase is often considered the 

processing temperature.111  

The high temperature used in this technique may result in thermal transitions such as melting, softening 

or expansion of polymers. Note that the temperature selected for this technique should be under the 

melting and degradation temperature of the polymer.106  

Linares-Alvelais et al.112 sterilized polymer-based biomedical devices by HPP and concluded that the 

method has potential for that purpose.  
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3. Materials and Methods  

3.1. Materials  
 

Three synthetic polymers were used in this work. Polyvinyl alcohol (PVA) was obtained from Kuraray 

with a molecular weight of 145 000 g/mol. Polyacrylic acid (PAA) was obtained from Sigma Aldrich with 

a molecular weight of 180 000 g/mol. Polyethylene glycol (PEG) was obtained from Sigma Aldrich with 

the average molecular weight of 400 000 g/mol. Phosphate buffered saline (PBS) from Sigma Aldrich 
was used in drug release quantification and tribology experiments. Diclofenac sodium salt was obtained 

from Sigma Aldrich and used for drug loading. (±)-a-Tocopherol from Sigma-Aldrich and Alfa Aesar was 

used for the drug release of diclofenac.  

 
Table 5 Materials used and some of their characteristics 

Material Supplier Mw (g/mol) Form 

PVA Kuraray 145 000 Granules 

PAA Sigma Aldrich 180 000 Powder 

PEG Sigma Aldrich  400 000 Translucent viscous liquid 

PBS Sigma Aldrich 0.01  Tablet 

Diclofenac sodium salt Sigma Aldrich 318.13 Powder 

(±)-a-Tocopherol Sigma Aldrich 

Alfa Aesar 

430.71 Yellow viscous liquid 

 
For comparison purposes, samples of cartilage from a pig’s femur (meniscus and trochlea) acquired 

from Sicasal were obtained with the help of an orthopaedic surgeon.  
 

3.2 Samples Preparation 
 
Four different types of hydrogels were prepared as illustrated in Figure 21.  

 

 
Figure 21 Samples created (PVA-polyvinyl alcohol, PAA-polyacrylic acid, PEG-polyethylene glycol, AT-annealing 

treatment) 

 

In order to prepare the hydrogels, 13% w/w PVA was prepared by dissolving 6 g of PVA into 40 mL of 

DD water and the solution was put into the oven at 95°C for 20h. Note that it was necessary to mix the 

solution with an interval of 1h for 6h in order to solve the solution. After the deposition in the Petri dishes, 
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a cooling step at room temperature for 8h occurred. The freezing-thawing method is one of the most 

commons methods of physical crosslinking where the performances of the PVA hydrogel are determined 

on the molecular weight of PVA, the concentration and times of freezing and thawing cycle.29,59 

Therefore, 6 cycles of freeze-thawing were performed. Freezing occurs at -20°C for 16h and thawing 

occurs at room temperature for 8h. The final step was a washing step with milli Q for 48h where the 
hydrogels were immersed in a beaker with 500 mL of milli Q. The water was renovated after 24h and 

for each renovation a spectrophotometric measure was performed in order to assess the water 

contamination. The procedure for the PVA hydrogel is illustrated in Figure 22.  
 

 
Figure 22 Schematics of the procedure of PVA hydrogel 

 

For PVA+PAA hydrogel, a solution of 13%w/w PVA and 3.8 %w/w PAA was prepared as described 
previously and is illustrated in Figure 23.  

 

 
Figure 23 Schematics of the procedure of PVA+PAA hydrogel 
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The PVA+PAA+PEG hydrogel was prepared with a solution of 13% w/w PAA and 3.8% w/w PAA that 

after the 6 freeze-thawing cycles, the samples were immersed in PEG 100% during 1h at room 

temperature, and they were put in the oven at 60°C to dehydrate until constant weight as illustrated in 

Figure 24.97  

 

 
Figure 24 Schematics of the procedure of PVA+PAA+PEG hydrogel 

 

The last hydrogel PVA+PAA+PEG+AT was obtained from a solution of 13% w/w PVA and 3.8% w/w 

PAA and after the PEG immersion was subjected to an annealing treatment at 120°C for 1h as illustrated 

in Figure 25.  

      

 
Figure 25 Schematics of the procedure of PVA+PAA+PEG+AT hydrogel 
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Porcine samples were obtained in the form of a femur from the joint of a freshly killed pig. Discs of 8 

mm diameter were cut from the cartilage of the meniscus and trochlea and put in DD water for further 

analysis in the next 24 hours.  

 

3.3. Materials Characterization  
 

The hydrogels and the cartilage obtained from the pig were subjected to several experiments in order 

to characterize the materials properties.  

 

3.3.1. Swelling Behaviour  
 

Hydrogels are three-dimensional polymer networks that are hydrophilic and therefore can absorb water 

or biological fluids without dissolving as a result of chemical or physical crosslinks.113 Swelling properties 

of the hydrogels are an important parameter for substance exchange when used for biomedical 

applications. Many properties of hydrogels, such as flexibility and mechanical strength, are mainly 
related to the swelling ratios.16  

The swelling was measured with swell ratio, which was measured by weighting the hydrated and dried 

hydrogels.95 The percental swelling ratio, %SR, is given by the following equation94:  

%𝑆𝑅 = %&'%(
%(

× 100  (1) 

 

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

Equilibrium water content (EWC) is essential because it relates to water condition in polymers. A 

hydrogel with high water content generally is more advantageous for medical applications due to its 

permeability and biocompatibility.114 According to Kuo et al.115, water interacting with the polymer oxygen 

through the hydrogen bonding, called bound water (BW), would gradually increase and achieve the 

equilibrium as increasing the water content to EWC. Further increasing water content would not 
significantly change the BW content. However, the content of non-bound water (NBW), which is the 

water without interacting with the polymer oxygen directly, would increase when water content is higher 

than EWC. Therefore, the relationship between the BW or NBW and water content is useful to estimate 

the EWC.115 

The equilibrium water content, %EWC, is given by the following equation:  

%𝐸𝑊𝐶 = %&'%(
%&

× 100  (2) 

 

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

The pre-washed, hydrated gels (PVA, PVA+PAA, PVA+PAA+PEG and PVA+PAA+PEG+AT) were cut 

into discs of 8 mm in diameter and they were hydrated in 14 mL falcons with 5 mL of DD water for 24h 
at room temperature. After this, the samples were weighted in order to obtain the hydrated weight, wh, 

and the samples were dried at 37°C for 7 days. Finally, the dried weight, wd, was measured. Triplicates 

were analyzed.  
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3.3.2. Wettability  
 

Wettability is a measure of the ability of a liquid spread over a surface and is a physical manifestation 

of the balance between the three interfacial energies involving the liquid-air interface, the liquid–solid 

interface and the solid-air interface.  

Water contact angle measurement is the most common method used to quantify the hydrophilicity of a 

solid surface. Contact angle (q) is defined geometrically as the angle formed between the tangent to the 

liquid surface at three-phase boundary where a liquid (L), a gas (G) and a solid (S) intersect and can be 

observed in Figure 26. For ideal surfaces, the interfacial tensions between the solid and the gas (gSG), 

the solid and the liquid (gSL) and the liquid and the gas (gLG), determine the equilibrium contact angle of 

wetting (q) which is described by the Young-Dupré equation given as follows:116,117 

𝛾34 = 𝛾35 + 𝛾54 × 𝑐𝑜𝑠𝜃  (3) 
 

 
Figure 26 Three-phase system for the determination of the contact angle adapted from Polini et al.117 

 
In this work, the water contact was measured through the captive bubble (CB) method since the 

hydrogels are in the hydrated state. The wetting properties of the hydrogel were determined by 

measuring the contact angle (q) 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 as illustrated in Figure 27.  

 

 
Figure 27 Captive bubble of air in a liquid environment and the measured contact angle in a hydrogel of 

PVA+PAA+PEG 

 

The setup of the traditional CB method comprises of JAI CV-A50 camera that is connected to a Data 
Translation DT3155 frame grabber and supported by a Wild M3Z optical microscope, a DD water bath 

and an air injecting system with a J-shaped micrometre needle in order to introduce air bubble as 

schematically illustrated in Figure 28. As soon the as the air bubble gets equilibrated with the three-
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phase contact line stabilized, the bubble profile is recorded by the camera for static contact angle 

calculation. For 10 minutes, 20 images of a single bubble were acquired. The value of the contact angle 

was measured on image 20. Seven to ten consistent bubbles were performed for each condition (PVA, 

PVA+PAA, PVA+PAA+PEG and PVA+PAA+PEG+AT).118,119 

 

 
Figure 28 Schematic illustration of the set-up of the CB method with the bubble profile recorded by the camera 

 
3.3.3. Mechanical Properties 
 

The tensile test measures the force required to break a specimen and the extent to which the specimen 

stretches or elongates to that breaking point, while the compression test assess the ability of the polymer 

to withstand compressive loads.120  

Stress (s)  and strain (e) are independent of the 3D dimensions of the material and are useful to establish 

comparisons to determine properties of the material. Therefore, in both tests, a stress and strain curve 

is obtained and the stress and strain are given by the following equations:   

𝜎 = <
=>

  (4) 

𝜀 = ∆5
5>

  (5) 

 

Where 𝐹 is the force, 𝐴C is the initial cross sectional area, ∆𝐿 is the extension and 𝐿C is the original 

length.  

The elastic modulus or Young’s modulus (𝐸) is used to measure the ability of resisting deformation, in 

the elastic domain, for materials and can be calculated using the Hooke’s Law:12  

𝐸 = E
F
  (6) 

 

Since the strain 𝜀 is a dimensionless quantity, 𝐸 is expressed in the same units as stress 𝜎, in pascals 

or one of its multiples for SI units. The largest value of stress for which Hooke’s law can be used for a 

given material is the proportional limit of that material.121 Therefore, the modulus of elasticity can be 

used as a measure of stiffness, the stronger the bond of the interatomic forces, the higher the value of 

𝐸 and the higher the stiffness.  
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In order to determine the tensile and compression properties of the hydrated hydrogels, a TA.XT 

Express Texture Analyzer was used. Figure 29 shows the equipment and respective accessories for 

both tests.  

 

  
Figure 29 a) Test set-up for tensile testing b) Test set-up for compression test 

 

3.3.3.1. Tension Tests 
 
In tension tests, the ultimate tensile strength (UTS) is the maximum tensile stress that a material can 

carry. For ductile materials, the tensile strength corresponds to the point at which necking starts. Less 

ductile materials fracture before they neck. Ductility is a measure of how much the material can deform 

before it fractures.122 

Fracture toughness is the energy absorbed in fracturing. In the stress-strain curve, the fracture 

toughness can be calculated by integrating the curve from the beginning until the failure point. In this 

work, it is given by the area under the curve. The stress necessary to cause fracture may be reached 
before there has been much plastic deformation to absorb deformation. Ductility and toughness are 

lowered by factors that inhibit plastic flow.122  

The onset of plastic deformation is usually associated with the first deviation of the stress-strain curve 

from linearity. Therefore, a proportional limit can be defined as the first departure from linearity, however, 

it is dependent on accuracy of measurement. The more accurate the strain measurement is, the lower 

is the stress at which plastic deformation and nonlinearity can be detected. In order to avoid this problem, 

the onset of plasticity is usually described by an offset yield strength that can be measured with more 

reproducibility. The yield strength is found by constructing a straight line parallel to the initial linear 
portion of the stress-strain curve but offset from it by 0.1%. Thus, the yield strength is taken as the stress 

level at which the straight line intersects the stress-strain curve. Moreover, other offset strains are used 

and yielding is defined in terms of the stress necessary to achieve a specified total strain instead of a 

specified plastic strain.122 

A typical stress-strain curve is illustrated in Figure 30 and the several characteristics of the material can 

be obtained. 
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Figure 30 A typical stress-strain curve of an elastic material adapted from fictive.com123 

 

Tensile tests were performed with miniature tensile grips by applying force to the test samples.  The 
tensile specimens were cut out from the hydrogels using a dedicated punch cutter. A minimum of 6 

repetitions per condition (PVA, PVA+PAA, PVA+PAA+PEG and PVA+PAA+PEG+AT) were performed 

at room temperature with a test speed of 0.5 mm/s and a force of 47 N.  

 

3.3.3.2. Compression Tests  
 

Compression tests generate similar results when compared with the tensile tests, however, the elastic 

modulus in compression is usually higher if the material is anisotropic.  

The stress-strain curve of the compression tests has three regimes as illustrated in Figure 31. The linear 

elasticity region occurs when bending the material, afterwards the stress plateau occurs due to cell 

collapse by buckling, yielding or crushing and in the end,  densification occurs where the opposing walls 
in the end meet and touch.124 

 

 
Figure 31 A typical compression stress-strain curve of a viscoelastic material adapted from Cellular Solids: 

Structure and Properties124 
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Compression tests were performed hydrogel and cartilage samples. The compression samples were 

cut out using an 8 mm diameter cylindrical punch cutter. During the tests, the samples were hydrated 

with DD water at room temperature. A minimum of 6 repetitions per condition (PVA, PVA+PAA, 

PVA+PAA+PEG, PVA+PAA+PEG+AT, trochlea and meniscus) were performed with a test speed of 0.1 

mm/s and a force of 47 N.  

 

3.3.4. Tribological Properties  
 

Hydrogels have a complex biotribological behaviour and its coefficient of friction (CoF) is explained by 

the adsorption-exclusion model. When there is adsorption effect on the surface of the hydrogel and the 

material, the friction force is mainly from two parts. These parts are the elastic strain force which is 

produced by the deformation of adsorbed polymer chain blob of hydrogel and the viscosity force of 

lubrication fluid. When the sliding rate is low, the friction mechanism is mainly elastic lubrication, and 
when the sliding rate is high, it is mainly hydrodynamic lubrication as illustrated in Figure 32.   

 

 
Figure 32 a) Adsorption-exclusion model of hydrogel b) Relationship between friction force and Sliding velocity in 

the adsorption-exclusion theory of hydorgel12 

 

The sliding tests of the hydrogel were carried out on the Wazau tribometer TRM 1000 in order to obtain 

the CoF as illustrated in Figure 33. Friction lubrication medium was a synthetic synovial fluid, i.e., PBS 

solution. The up-counter body was a 6 mm sphere of biocompatible stainless steel 316L ball and the 

down sample was the hydrated hydrogel. The test was performed at room temperature with an 

oscillation test mode and different test loads of 10 N and 20 N. The sliding distance was 0.5 m with a 

sliding velocity of 0.02 m/s and a friction radius of 23 mm and 19 mm.12,125,126     
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Figure 33 a) Sliding friction experiment device adapted from Chen et al.12 and b) Wazau tribometer TRM 1000 

 

3.3.5. Morphology  
 

Scanning Electron Microscopy (SEM) is a technique used for the visualization and characterization of 

surfaces and therefore, is used for the morphological analysis of the hydrogel. This technique uses a 

narrow electron beam to collect high-resolution, high magnification images of backscattered electrons 

emitted from the sample surfaces.127  

The electron gun generates the electron beam that passes through magnetic lenses. The beam reaches 

the sample that is being scanned in order to obtain the image that reaches the detector. The image that 
we observe is an inverted and rotated image of the original specimen. The SEM operator controls 

several parameters such as the electron-accelerating voltage, the distance of the specimen below the 

objective lens, known as the working distance (WD), and sometimes the diameter of the aperture used 

in the objective lens to control spherical aberration. The choice of these variables in turn influences the  

quality of the images obtained from the SEM.128  

 

 
Figure 34 Schematics of a scanning electron microscope129 
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The images obtained when the sample is being scanned are produced because electrons are interacting 

with the sample. Three types of signals are generated: secondary electrons, backscattered electrons 

and X-rays. From the principle of conservation of energy, any energy lost for a primary electron will 

appear as a gain in energy of the atomic electrons that are responsible for the inelastic scattering. If 

these are the outer-shell (valence or conduction) electrons, weakly bound (electrostatically) to an atomic 

nucleus, only a small part of this acquired energy will be used up as potential energy, to release them 

from the confines of a particular atom. The remainder will be retained as kinetic energy, allowing the 
escaping electrons to travel through the solid as secondary electrons. Therefore, secondary electrons 

are electrons from the sample that have low energy, which are easily absorbed. Depending on the place 

where electrons are emitted, we will have more or less absorbed electrons. On the obtained image, we 

can see that the light areas are the ones that emitted more electrons. The black areas are characteristic 

of having less electrons. Therefore, secondary electrons give topographic signals in order to analyse 

the topographic profile of the sample.128 Backscattered electrons are produced by the primary beam and 

are electrons that are reflected. With this type of electrons, we can assess on the type of atoms that the 

sample is composed of. By having a higher molecular weight, there are more backscattered electrons 
and the image obtained is clearer. Backscattered electrons are used when we want to know the 

distribution of known elements. X-Rays are emitted when the beam enters inside the sample. With this 

signal we can assess on the type of elements that the sample has due to the level of energy emitted. 

Therefore, with the X-Ray signals we can obtain a specific information of the sample, however, it is time-

consuming.130  

The samples were analyzed in Hitachi S-2400 scanning electron microscope with thermionic emission 

at 15 kV and equipped with secondary and backscattered electron detectors, with an Energy Dispersive 

Spectroscopy (EDS) detector and also with digital image acquisition. Therefore, discs of 10 mm of 
diameter were cut from each four hydrogel conditions (PVA, PVA+PAA, PVA+PAA+PEG and 

PVA+PAA+PEG+AT). Moreover, discs with 8 mm of diameter were obtained from the pig’s meniscus 

and trochlea. Afterwards, the samples were dried by freezing step of -80°C followed by lyophilization for 

24h. In order to have conducting samples, the samples were coated with a metallic film of gold and 

palladium with 14 nm of thickness during 40 s in a Quorum Technologies sputter coater and evaporator. 
At least 13 images of the microstructure of each sample were obtained.26,101 

 

3.3.6. Drug Loading and Release  
 
In order to have a material that mimics the cartilage and treats the surrounded inflammatory tissue, the 

hydrogels are loaded with a targeted drug and its release is analysed. The goal is to achieve a controlled 

and targeted drug release.  

For the loading of the drug a PBS solution was prepared where diclofenac was mixed to obtain a solution 

of the drug with the concentration 2 mg/mL.  

Three hydrated per condition (PVA, PVA+PAA, PVA+PAA+PEG, PVA+PAA+PEG+AT) were cut in discs 

of 8 mm. In total there were 12 samples. The samples were dried at 37°C for 7 days and their dry weight 

was measured.  
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The samples were immersed in a tube with 3 mL of the drug solution and the loading was carried out at 

37°C for 3 days without rotation in a VWR Incubating Mini Shaker.  

For the release of the diclofenac, new tubes with fresh 3 mL of PBS were prepared. The samples were 

taken out of the drug loading solution, they were blot with a cleansing paper and put in the tubes with 

fresh PBS. The release occurred at 37°C and 180 rpm in a VWR Incubating Mini Shaker. The tubes 

were out hourly for the next 8h and 300 µl of the solution was taken out to an eppendorf and 300 µl of 

PBS was added back to the solution with the hydrogel samples. On the following days, this procedure 

was performed once a day until the released concentration gets constant.  

Spectrophotometric methods for the quantification of drugs can be used in laboratories where modern 

and expensive apparatuses such as that required for high performance liquid chromatography (HPLC) 

are not available. Moreover, spectrophotometric methods are versatile, rapid and economic.131  

Ultraviolet-Visible (UV-Vis) spectroscopy is used for the quantification of drug release and it relies on 

the Lambert-Beer Law:  

𝐴 = 𝜀𝑙𝑐 (7) 

 
Where A is the absorbance, e is the molar absorption coefficient, l is the path length of the measuring 

beam in the sample and c is the concentration. The absorbance is plotted vs. the wavelength, l. 

Absorption is defined as the decrease of light intensity of the measuring beam because molecules in 

the sample undergo a transition from the ground state to an excited state. The quantitative estimation 

of drugs is achieved from this method by analyzing the wavelength since each drug has a specific 

wavelength. Therefore, UV-Vis spectroscopy allows the detection of the compound of interest by 

signalling out specific interfering signals.  

The absorbance at 276 nm (maximum for diclofenac) was measured in the microplate reader at Thermo 

Scientific Multiskan GO Spectrophotometer. For that, 200 µl was taken from the eppendorf solution to 

put in each well of the microplate. Some dilutions were performed in order to be in the right absorbance 

area of the calibration curve.  

In order to improve the drug release, vitamin E (±-a-Tocopherol) was added onto the hydrogels before 

loading the diclofenac. For that, the hydrogels were loaded with ethanol and vitamin E solution with a 

concentration of 40 mg vitamin E/mL solution for 3 h at room temperature. Then, the samples were 

blotted and dried overnight at room temperature in air.102 Since the samples are variable, they have 

different weights, it is necessary to maintain the number of mols. In Table 6 is illustrated the weight of 

each sample and its volume of solution in order to maintain a concentration of 40 mg vitamin E/mL 

solution. A solution of 100 mL of ethanol with 4 g of vitamin E was prepared. 

 

 
Figure 35 a-Tocopherol chemical structure 
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Table 6 Data for the solution with a concentration of 40 mg vitamin E/mL ethanol 

Sample Weight (mg) Volume of solution (mL) 

PVA 1 31.14 4.7 

PVA 2 37.29 5.6 

PVA 3 39.2 5.9 

PAA 1 32.37 4.8 

PAA 2 29.6 4.4 
PAA 3 27.78 4.2 

PEG 1 84.26 12.6 

PEG 2 63.76 9.6 

PEG 3 55.69 8.4 

AT 1 79.35 11.9 

AT 2 64.14 9.6 

AT 3 78.3 11.7 
 

3.3.7. Biocompatibility 
 

In order to study the ability of the hydrogels to induce toxicity, a HET-CAM (Hen’s egg-chorioallantoic 
membrane) test was performed. This in vitro assay provides information regarding embryo lethality, 

embryonic growth and development, teratogenicity and systemic toxicity, including immunopathological 

aspects and metabolic pathways.132 

HET-CAM has been used for testing eye irritation since it provides a platform for conjunctival irritation 

testing, as it responds to irritant substances with an inflammatory reaction similar to that seen in 

conjunctival tissue. Moreover, CAM has replaced the Draize eye irritancy test used to determine the 

irritation potential of cosmetics by placing substances into the eyes of rabbits.133  

Skin irritation can also be assessed by HET-CAM as an alternative to the in vitro rabbit tests. Potential 
for irritation can be assessed with specific read-outs on the membrane and/or vessels by haemorrhage, 

lysis, coagulation and changes in small vessel diameter.133,134 Therefore, the HET-CAM can be a wound 

model to assess the inflammatory response to tissues. Bender et al.135 demonstrated that a modified 

HET-CAM test is suitable for screening plasma sources and for the determination of the optimum 

parameters for treatment of chronic wounds. Furthermore, it is possible to induce defined plasma-

inflammations on the chorioallantoic membrane and to determine the anti-inflammatory potential of test 

substances.135 
The chorioallantoic membrane is the extra-embrionary membrane originating from an extension of the 

primitive digestive tract of the endoderm of the embryo of birds, located caudally in the yolk sac, with a 

vasculature and inflammatory process similar to the conjunctival tissue of rabbit’s eyes. The effects were 

measured with the onset of haemorrhage, coagulation and/or lysis of blood vessels.133,136,137 
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Moreover, Wilson et al.138 performed a modified HET-CAM assay in order to assess anti-irritant 

properties of plant extracts as an alternative to mechanism-dependent biochemical assays or expensive 

direct screening tests on human subjects.138 

For the HET-CAM test, a negative control and a positive control were produced. The negative control 

ensures that false positives do not occur, and the positive control serves as reference in order to verify 

that an irritant response is produced. The controls were produced the day before the HET-CAM test. 

The negative control was NaCl 0.9% and to obtain it, 4.5 g of NaCl was weighted and then it was placed 
in a 500 mL volumetric flask filled with DD water up to half of the measurement. In order to dissolve, the 

solution was put on a stirring plate with a magnet at 300 rpm. The magnet was removed, and the volume 

of the flask was completed. The solution was transferred to a 500 mL vial with a cap. The positive control 

was NaOH 0.1 M and to obtain it, 1 g of NaOH was placed in a 250 mL volumetric flask filled with DD 

water up to half of the measurement. In order to dissolve, the solution was put on a stirring plate with a 

magnet at 300 rpm. The magnet was removed, and the volume of the flask was completed. The solution 

was transferred to a 250 mL vial with a cap.137 

The Intelligent Incubator 56S was turned on and set the temperature to 37°C. Tap water was added to 
fill the reservoir to have a 60% relative humidity. The parameters were set one day before adding the 

eggs. The eggs were placed in the incubator for 8 days. On day 8, the eggs were placed with the wider 

end of the tips turned up until the next day. The hydrogel samples were sterilized with UV radiation at 

254 nm in DD water for 30 minutes.  

 

 
Figure 36 Schematic representation of the HET-CAM test adapted from Wilson et al.136 

 

On day 9, the eggs were removed from the incubator to perform the assay as illustrated in Figure 36. 

For this, the eggshell was cut at the tip with a Dremel cutting machine. The cut part of the shell was 

removed with the aid of a scalpel, taking care to not break the inner membrane. Unfertilized eggs were 

discarded.  
The inner membrane of the eggs was hydrated with 0.9% NaCl and then the eggs were placed in the 

incubator for 30 minutes. Afterwards, the eggs were removed from the incubator and the 0.9% NaCl 

solution was removed. The inner membrane was carefully removed with tweezers to ensure that the 

chorioallantoic membrane remains intact. The PVA+PAA+PEG+AT sample was put on the surface of 
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the chorioallantoic membrane for 5 minutes to observe the existence of a potential damage effect. These 

are the negative controls, being that nothing should occur in them.  

The sample was removed from the egg and 0.1 M NaOH solution was put on the surface of the 

chorioallantoic membrane in order to kill the embryos. This was the positive control where bleeding, 

vascular lysis and coagulation occurs. In the end, the eggs were disposed properly. For this assay 3 

hydrogels samples of PVA+PAA+PEG+AT and 3 eggs were used.  

 

3.3.8. Sterilization 
 

In order to ensure the biological safety of a medical device, it is necessary to sterilize it. Therefore, the 

hydrogel samples have to be sterile so that the risk of infection is small.  

To evaluate the effect of the sterilization process, 6 hydrogel samples from the last condition 

(PVA+PAA+PEG+AT) were prepared, loaded with vitamin E and loaded with diclofenac as previously 

described in Section 3.3.6..  

The hydrogel samples were sterilized by high-pressure processing (HPP) at 70°C and 600 MPa (6000 

bar) for 10 minutes in Universidade de Aveiro. Following the sterilization step, three samples were 
analyzed for drug release and other three samples were subjected to compression tests in order to 

assess on the mechanical properties.  
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4. Results and Discussion 

4.1. Materials Characterization 

4.1.1. Swelling Behaviour  
 

Water uptake is directly related to the material’s ability to provide an environment for cell growth since 

it plays an important role in terms of regulating the diffusion rate of nutrients and exchange of wastes 

within the hydrogel.74 The results of %SR and %EWC can be found below in Table 7. 

 
Table 7 Average Swelling Ratio (%) and Equilibrium Water Content (%) for the articular cartilage and PVA based 

hydrogels found in the literature and for the tested hydrogels 

Sample %SR %EWC 

Articular Cartilage ------------- 60-8584 

PVA hydrogels in the literature ------------- 76.584 
PVA+PAA+PEG+AT hydrogels in the literature ------------- 78.884 

PVA 448±24 82±1 

PVA+PAA 643±42 87±1 

PVA+PAA+PEG 218±41 68±4 

PVA+PAA+PEG+AT 221±35 69±4 

 

During the freeze-thawing process, the homogeneous solution of PVA and water is cooled down and 
the water crystals grow by incorporating water molecules from the liquid phase. The formation of cooled 

liquid microdomains promotes crystallization. In the thawing process at room temperature, the water 

crystals melt forming a PVA liquid phase. The PVA crystals do not melt and are stable, linking the 

polymer chains. Therefore, a dense crosslinked network is formed by the freeze-thawing process.88  

The addition of PAA to PVA increased the amount of water absorbed by the hydrogels. It is known that 

PAA lowers the crystallinity of PVA when the two polymers are mixed together due to hindrance from 

the carboxylic groups of PAA.84 

When the hydrogels were immersed in PEG solution, a significant decrease in the water content was 
observed relatively to the PVA+PAA hydrogel. The PVA has a spatial distribution between crystalline 

domains embedded in amorphous polymeric matrix. When PVA is blended with PEG, the PVA 

crystallinity and lamellae packing is modified. A homogeneous blend is created with an average 

contribution from both polymers. The crystallites of PVA and PEG found a layered structure where 

hydrogen bonds and van der Waals forces play an important role. The folded chains of PVA and PEG 

origin crystallites, which are small, ordered regions, in an unordered, amorphous polymer matrix. With 

the increase of polymer concentration, the microstructure becomes denser and the pore size decreases, 
resulting in a lower %SR and %EWC. 26,139 

The annealing process almost did not affect the capacity of water absorption of the hydrogels, indicating 

that eventual structural changes do not have influence on this characteristic.  
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4.1.2. Wettability 
 

The water contact angle obtained for the different hydrogels is presented in Table 8. The obtained values 

are significantly low, which indicates that the hydrogels are hydrophilic. The high swelling capacity of 

the samples is in line with this.  

 
Table 8 Water contact angle of the different samples  

Sample Contact angle (° ) Method 

Human Articular Cartilage 76-10334 Sessile Drop 

Human Knee 8039 Sessile Drop 

Human Arthritic Worn Knee 6334,39 Sessile Drop 

Human Arthritic Unworn Knee 6839 Sessile Drop 

Human Arthritic Hip 5634,39 Sessile Drop 

PVA in the literature  29140 Captive Bubble 
PVA 48±7 Captive Bubble 

PVA+PAA 44±2 Captive Bubble 

PVA+PAA+PEG 44±2 Captive Bubble 

PVA+PAA+PEG+AT 36±6 Captive Bubble 

 

Contrarily to PAA, whose addition to the polymer led to a decrease in the contact angle, PEG did not 

have significant influence. However, a decrease was observed after annealing. Azizian-Kalandaragh et 

al.141 observed that the contact angle of prepared thin films was influenced by various parameters such 
as annealing temperature, surface morphology and composition of thin films. Yang et al.142 concluded 

that the decreased water contact angle of the annealed physical vapor deposition hard coatings is 

related to their crystal structures and has little correlation with roughness. Chhatre et al.143 obtained a 

fully wetted state for low surface tension liquids like hexadecane and dodecane through thermal 

annealing.  

The results found in the literature and the ones that were obtained are not directly comparable because 

the method of measurement was different. Sessile drop is a method where the surfaces must be dry 

while in captive bubble the surface is equilibrated with the liquid. Moreover, besides the composition 
also the  surface roughness and surface heterogeneity influences the results.22 The increase of 

roughness of chemically stable solid surfaces may increase or decrease their contact angle and the 

liquid’s adhesion. The increase of the contact angle is due to contact line pinning at the surface 

asperities.118 The Young-Dupré equation considers an ideal, perfectly flat solid surface, and therefore is 

not applicable to the studied PVA-based hydrogels which present surface irregularities.  

Although, as referred above, it is not possible to make a direct comparison between the values 

presented for cartilage and for the studied PVA hydrogels, the values collected from the literature show 
that cartilage is hydrophilic. In fact, one of its functions is joint lubrication which means it has low contact 

angles.18 Moreover, comparing the contact angle of PVA found in the literature with the obtained results, 
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we can conclude that the values are of the same order of magnitude and adequate for the intended 

application.  

 

4.1.3. Mechanical Properties 
 

Tensile stress-strain curves for the PVA based hydrogels are plotted for the different studied systems in 

Figure 37. Moreover, the tensile Young’s modulus-strain curves are plotted for the different studied 

systems in Figure 38. The tensile Young’s modulus, as well as the tensile toughness were calculated 

and are presented in Table 9.  

 

 
Figure 37 Tensile stress-strain curves of the PVA based hydrogels 

 

 
Figure 38 Tensile Young’s modulus-strain curves of the PVA based hydrogels 
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Table 9 Summary of the tensile properties of natural cartilage, PVA in the literature and PVA based hydrogels in 
the scope of this work  

Material Tensile Young’s 
Modulus (MPa) 

measured between 2 
and 4 Strain (%) 

Tensile Young’s 
Modulus (MPa) 

measured between 
1 and 1.2 MPa 

Tensile Toughness 
(MJ/m3) 

Native Cartilage 5-2530 -------------------------- -------------------------- 

PVA in the literature 0.4795 

1.3712 

-------------------------- 

-------------------------- 

-------------------------- 

-------------------------- 
PVA+PAA in the 

literature  

0.3495 

0.82-1.0612 

-------------------------- 

-------------------------- 

-------------------------- 

-------------------------- 

PVA 0.324±0.068 0.988±0.068 1.940±1.297 

PVA+PAA 0.154±0.020 0.706±0.021 1.101±0.654 

PVA+PAA+PEG 0.689±0.076 0.820±0.041 5.691±1.306 

PVA+PAA+PEG+AT 1.205±0.349 1.069±0.184 5.566±2.116 

 

Comparing with the values of native cartilage for tensile tests, the Young’s modulus obtained are low 
which indicates that the hydrogel samples deform easily under loads.  

Annealing treatment has the largest effect on the tensile Young’s modulus of the hydrogel. When the 

hydrogel was subjected to high temperatures in the annealing treatment, the crystallinity of the hydrogel 

increased and therefore, the Young’s modulus augmented. Annealing treatment increased the elasticity 

of the hydrogel and reduced the plasticity. The hydrogel became more rigid with a closed microstructure. 

The tensile elastic modulus characterizes the ability to resist tensile deformation of the material. The 

larger the Young’s modulus, the greater is the rigidity of the material and the stronger is the ability to 

resist tensile deformation.95 The tensile Young’s modulus tends to increase with the strain as can be 
seen in Figure 38.  

Concerning toughness, it has to do with the amount of energy a material can absorb or disperse, in the 

form of deformation, before it fractures from the imposed stress. Thus, toughness is a measure of the 

energy required to crack a material. PEG doped and annealed hydrogels have the higher tensile 

toughness which means they are tough materials that can stand high loads.  

Compressive stress-strain curves for the PVA based hydrogels are illustrated in Figure 39, the 

compressive Young’s modulus-strain curves are plotted for the different studied systems in Figure 40 
and the compressive properties are summarized in Table 10. A typical viscoelastic behaviour is similar 

to that of natural cartilage.  
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Figure 39 Compressive stress-strain curves of the PVA based hydrogels and the pig’s samples 

 

 
Figure 40 Compressive Young’s modulus-strain curves of the PVA based hydrogels and pig’s samples  
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Table 10 Summary of the compressive properties of natural cartilage, PVA in the literature, PVA based hydrogels 
in the scope of this work and pig’s cartilage 

Material Compressive Young’s 
Modulus (MPa) 

measured between 2 
and 4 Strain (%) 

Compressive Young’s 
Modulus (MPa) 

measured between 1 
and 1.2 MPa 

Compressive 
Toughness 

(MJ/m3) 

Native Cartilage 0.24-0.8530 

0.31-0.80144 

-----------------------------------

----------------------------------- 

--------------------------

-------------------------- 

PVA in the literature 0.070-0.80192 
2.56-3.68144 

-----------------------------------
----------------------------------- 

--------------------------
-------------------------- 

PVA 0.200±0.039 6.074±0.302 0.281±0.088 

PVA+PAA 0.137±0.036 6.722±0.654 0.360±0.076 

PVA+PAA+PEG 0.537±0.124 5.849±0.524 0.494±0.058 

PVA+PAA+PEG+AT 0.263±0.088 5.556±0.438 0.422±0.021 

Pig’s Trochlea 1.297±1.103 7.638±1.200 0.197±0.031 

Pig’s Meniscus 3.268±1.571 8.353±1.588 0.273±0.046 

 
Regarding the compressive Young’s modulus, all the obtained values are similar to the ones obtained 

for native cartilage. PEG doped hydrogels present the higher value. When the hydrogel starts being 

compressed, the water leaves the polymeric matrix. In the end, when all the water is out and the 

structure is all compressed, the hydrogel becomes rigid. The hydrogel samples have the same 

behaviour as cartilage under compressive loading as described in Section 2.1.2. 

The compressive Young’s modulus of the pig’s samples (trochlea and meniscus) are higher than those 

observed for the hydrogel samples and the values found in the literature. This difference may be due to 

the asymmetry of the pig samples since it was difficult to cut discs from a biological sample. Moreover, 
the reference values for the native cartilage are from bovine samples.   

The compressive Young’s modulus increases with increasing strain as can be seen in Figure 40. The 

main factor influencing the stress-strain curves is the planarity of the samples. If the top and bottom-

surface of the cylindrical sample are not perfectly parallel, the curve of the compressive Young’s 

modulus is reached at higher strains due to the inhomogeneous loading of the sample.145 

The PEG doped hydrogel has the higher compressive toughness which shows that this type of hydrogel 

is extremely strong and tough. The addition of PEG led to a dense and strong cross-linking network. 
Comparisons of tensile properties with compressive properties demonstrate a difference between the 

tensile and compressive elastic properties of hydrogel samples. The Young’s modulus in reality is 

dynamic. Metals and ceramics have Young’s modulus that can be thought as constant, however, for 

cartilage or polymer samples this does not occur. Cartilage or polymer properties depend on test 

conditions such as the type of load (tensile or compressive), time of application of the load, temperature, 

strain rate and fibre orientation. Anisotropy and tensile-compressive nonlinearity are two reasons why 

PVA based materials might behave differently under tensile and compressive stresses.146  
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4.1.4. Tribological Properties  
 

The coefficients of friction for each hydrogel sample obtained under different loads, 10 N and 20 N, are 

presented below in Table 11.  

 
Table 11 Data of the coefficient of friction of the hydrogel samples measured at 10 N and 20 N, native cartilage 

and PVA samples found in the literature  

Sample CoF at 10 N CoF at 20 N 

Native Cartilage 0.025-0.045 (SF at 10 N)1,147 

 

0.005-0.57 (SF at 30 N)36  

0.03±0.01-0.46±0.06 (BCS at 20 N)14  

PVA in the literature 0.30±0.10 (DD water at 7 N)84 
0.12 (Ringer’s solution at 10 N)148 

0.12±0.01-0.14±0.02 (BCS at 20 N)14 
0.084 (Ringer’s solution at 22 N)148 

PVA+PAA+PEG+AT in 

the literature 

0.02±0.01-0.05±0.02 (DD water at 

7 N)84 

-------------------------------------------------

------------------------------------------------- 

PVA 0.110±0.018 ------------------------------------------------- 

PVA+PAA 0.202±0.032 ------------------------------------------------- 

PVA+PAA+PEG 0.096±0.012 0.117±0.008 

PVA+PAA+PEG+AT 0.127±0.009 0.171±0.025 
 

When tribological tests begin and sliding movement initiates, the mating surfaces are substantially in 

contact, partially separated by a thin layer of lubricant fluid. This layer should not be enough to avoid an 

adhesion between the two complaint surfaces, therefore contributing to the occurrence of a start-up 

friction with relatively high values of CoF. These values are justified by the rupture of asperity of junctions 

formed between matting surfaces prior to sliding. After that, CoF decreases to a steady-state regime, 

characterized by low friction values.149  

Under 10 N, PVA and PVA+PAA samples presented no wear, however, for 20 N there was visible wear 
in the surface of the samples. Therefore, for the higher studied load, the CoF could not be obtained.  

The PEG doped hydrogel has the lower CoF value under 10 N and 20 N. PEG is hydrophilic and 

tribological studies of the wear behaviour determined that it sustain damage predominantly by a 

combination of adhesive wear and partial or total delamination, which occurs at sites with surface 

defects.150 Amontons’ first law states that friction is directly proportional to the normal load and is obeyed 

by solid materials.148 The results confirm that the CoF of PVA based hydrogels are dependent on load.  

Annealing leads to a similar behaviour, but CoF values are slightly higher at both loads.  

The lubricating medium also plays an important role. The synovial fluid is crucial for low friction in natural 
joints and one of the reasons the obtained CoF are high when compared with values of the native 

cartilage may be due to the use of PBS instead of synovial fluid (SF). Hyaluronic acid (HA), one of the 

components of SF, was found to help human cartilage to reduce friction by more than 40%.148  

Native cartilage has a low CoF under different loads, as the values obtained from the literature confirm 

and can be seen in the table above. The higher values obtained for the studied hydrogels may be due 

to material’s roughness at the surface and interfacial relatively to the counter body.  
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4.1.5. Morphology 
 

The microstructure of the PVA based hydrogels, as observed by SEM is shown in Figure 41.  

 

 
Figure 41 Microstructure of a) PVA, b) PVA+PAA, c) PVA+PAA+PEG and d) PVA+PAA+PEG+AT hydrogels 

under SEM 

 

PVA and PVA+PAA samples have pores in their network which justify the high %SR and %EWC. On 
the other hand, the PEG doped and annealed samples do not present a porous structure under the 

same magnification.  

PVA+PAA hydrogels have larger pores when compared with PVA hydrogels which leads to an increased 

amount of water absorbed by the hydrogels and consequently to a higher amount of loaded drug in the 

materials, which will be further confirmed by release data.  

Regarding the PVA+PAA+PEG hydrogels, when the hydrogels are doped in PEG, the PEG enters 

through the porous network filling the space. Therefore, a non-porous homogeneous microstructure is 
observed.  

The annealing treatment does not change the microstructure of the hydrogel since it also has a non-

porous polymer network. However, some irregularities can be observed.  

Concerning cartilage morphology, it is characterized by a porous and highly organized fibrillar network. 

From the porcine samples we can observe from Figure 42 that cartilage from the trochlea has an oblique 

predominant orientation.151 Collagen fibres are oriented tangentially to the articular surface in the 
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superficial zone, have no predominant orientation in the transitional zone and become aligned 

perpendicularly to, and finally anchored in, the calcified cartilage and subchondral bone in deep zone.152  

However, we were unable to observe its pores or fibres in great detail. Nonetheless, from the pig’s 

meniscus we observe fibres and pores which are in agreement with the microstructure of articular 

cartilage.153  

 
Figure 42 Microstructure of articular cartilage from a) Pig’s Trochlea and b) Pig’s Meniscus under SEM 

 

4.1.6. Drug Release Quantification 
 

The release profile of diclofenac from the studied hydrogels are shown in Figure 43. Drug release of the 

diclofenac hydrogels takes place rapidly: after 8h no more drug is released. However, the release profile 

is different for the different hydrogel samples. PVA hydrogels release a lower amount of drug while 

PVA+PAA and PVA+PAA+PEG hydrogels release the larger amounts. In between, there is the 

hydrogels that were annealed. This difference in release rates of diclofenac shall be affected by several 
factors, namely, the swelling capacity of the materials, the affinity of the drug to the functional groups 

present in the polymeric matrix and the morphology of the materials.  

 

 
Figure 43 Release of diclofenac for the hydrogels (PVA, PVA+PAA, PVA+PAA+PEG and PVA+PAA+PEG+AT)  
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The PVA hydrogel has many pores in its microstructure and the drug enters the network easily. 

However, the drug also leaves faster since there is no obstacle to its release.  

The drug release from the PVA+PAA is higher than the PVA due to the incorporation of PAA in the 

microstructure that has hydrophilic side groups such as (-COOH). PVA is crosslinked through the 

reaction between the hydroxyl group in PVA and the carboxyl group in PAA. If a hydrogel consists of 

macromolecular chains that includes carboxylic groups in the network, the possible dissociation of these 

acidic groups in a neutral or slightly alkaline pH will result in an extensive swelling (as it was observed) 
and subsequent release of drugs.84 Moreover, diclofenac is a hydrophilic drug and therefore shall 

establish interactions with PAA that enhances its loading and subsequent release.  

PEG is hydrophilic and diclofenac has a low water solubility. Fini et al.154 concluded that PEG allows a 

better solubilization of diclofenac and improves the dissolution of diclofenac over time. When diclofenac 

enters the PVA+PAA+PEG network, its release increases.155  

When the hydrogels are annealed at high temperatures, PEG solubility decreases and PEG molecules 

collapse. PEG is a stimuli-responsive polymer in the sense that its aqueous solutions have an upper 

temperature limit of solubility known as lower critical solution temperature (LCST) above which 
hydrogen-bond-mediated hydration of its ether oxygens is thermally compromised. When the 

temperature increases, PEG collapse by coil-to-globule transition inducing a decrease in molecular 

dimensions. Preceding precipitation, coil-to-globule transition consists in a continuous reduction in the 

physical dimension of the polymers which, however, remain in solution. This speed up diffusion and 

diminishes the entropic cost of portioning in the pore, thus increasing blockade frequency regardless of 

the PEG molar mass.156 The reduction of the drug release amount for the PVA+PAA+PEG+AT hydrogel 

is therefore justified by the collapse of PEG molecules.  

 

 
Figure 44 Release of diclofenac and vitamin E for the hydrogels (PVA, PVA+PAA, PVA+PAA+PEG and 

PVA+PAA+PEG+AT) 
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The addition of vitamin E to the hydrogels induced significative changes in the drug release profiles as 

can be seen in Figure 44. The PVA hydrogel present the lowest cumulative mass release while the 

annealed hydrogel has the highest cumulative mass.  

Vitamin E was loaded into the samples prior to drug loading in order to improve the release profile. It 

acts as an emulsifier which possess two distinct groups, i.e., a hydrophobic and a hydrophilic group.157 

The bulky and large surface area of vitamin E resulting from its lipophilic alkyl tail and hydrophilic polar 

head portion can control the diffusion of the diclofenac from polymer to external phase.102,157–159 Results 
show that vitamin E loading in the hydrogels can increase the release up to two days.  

The PVA hydrogels have the lowest cumulative mass which indicates that the vitamin E almost did not 

change its release profile when comparing to the results without vitamin E loading.  

In the PVA+PAA hydrogels, the drug is out in less than one day which is similar to the release of the 

hydrogel without vitamin E loading. However, with vitamin E the cumulative mass decreases significantly 

when comparing the results with the ones without vitamin E. This may be due to the fact that vitamin E 

can establish interactions with PAA through its hydrophilic domain, preventing the drug of doing it, and 

therefore decreasing the amount of drug loaded and released.  
Regarding the PVA+PAA+PEG and PVA+PAA+PEG+AT hydrogels, the drug is released after two days 

which is a significant improvement. Vitamin E played a key role in the release profile of these two 

hydrogels. In addition to hydrophobic interaction with the drug, the hydrogen bonding and the π-π 

stacking may also contribute to the overall interaction with the drug. The hydrogel that was annealed 

show the best release profile indicating that the annealing treatment and the vitamin E have a synergistic 

effect. In the annealing treatment at high temperatures, the pores of the hydrogel turn smaller. When 

the loading of vitamin E occurs, this compound enters in the hydrogel network filling those pores. After 

this, the drug loading occurs and, in its release, the drug has a difficult path to run since the pores are 
blocked with vitamin E. Therefore, the release time becomes slow.  

 

4.1.7. Biocompatibility 
 
The results from the HET-CAM test for the annealed hydrogel can be observed in Figure 45.  

 

 
Figure 45 HET-CAM test for the PVA+PAA+PEG+AT hydrogel 
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It can be observed that the PVA based hydrogel is biocompatible, since the chorioallantoic membrane 

does not have signs of haemorrhage, coagulations and/or vessel lysis after 5 minutes with the sample. 

Therefore, the hydrogels may be used in contact with human tissue seeing that no irritation occurred.  

 

4.1.8. Sterilization 
 

After the sterilization of the annealed hydrogels by HPP, the compressive mechanical properties and 

the diclofenac release profile were analysed. A compressive stress-strain curve for the sterilized 

hydrogel is illustrated in Figure 46 along with the curves of the corresponding non-sterilized hydrogels 

and pig’s cartilage samples. The compressive properties of the sterilized hydrogel are summarized in 

Table 12.  
 

 
Figure 46 Compressive stress-strain curves of the hydrogel PVA+PAA+PEG+AT before and after sterilization and 

of the pig’s cartilage tissues 

 
Table 12 Summary of the compressive properties of the sterilized and non-sterilized PVA+PAA+PEG+AT 

hydrogel 

Material Compressive Young’s 
Modulus (MPa) 

measured between 2 
and 4 Strain (%) 

Compressive Young’s 
Modulus (MPa) 

measured between 1 
and 1.2 MPa 

Compressive 
Toughness 

(MJ/m3) 

PVA+PAA+PEG+AT 0.263±0.088 5.556±0.438 0.422±0.021 

PVA+PAA+PEG+AT S 0.136±0.002 6.998±0.629 0.203±0.002 

 

The sterilization of the annealed hydrogel turns the network structure softer since the compressive 

Young’s modulus between 2 and 4 strain (%) decreases and the compressive toughness (MJ/m3) also 

decreases. However, the compressive Young’s modulus between 1 and 1.2 MPa increases. The 

obtained results indicate that the annealed hydrogel, once is sterilized behaves less tough and rigid. 
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Taking into account the mechanical properties of natural articular cartilage that are intended to be mimic, 

the method of sterilization should be improved in order to not impair the properties of the hydrogel.  

The release profile of diclofenac with vitamin E from the PVA+PAA+PEG+AT hydrogel before and after 

sterilization is shown in Figure 47. Drug release of the diclofenac and vitamin E takes place rapidly: after 

1 day no more drug is released.  

 

  
Figure 47 Release of diclofenac and vitamin E for the PVA+PAA+PEG+AT hydrogel before and after sterilization 

 

The release of cumulative mass for the sterilized hydrogel is less than the one for the unsterilized 

hydrogel. The obtained results show that the sterilization by HPP changed the release profile and 

therefore, changed the interactions of the drug with the polymeric matrix and/or the structure of such 

matrix. Topete et al.160 sterilized drug-loaded intraocular lenses under 600 MPa and 70°C for 10 minutes 

and no differences were observed between the UV-Vis spectra acquired before and after HPP 
processing. Therefore, degradation of vitamin E is not expected.  
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5. Conclusions and Future Work 
 

This work aimed to develop a therapeutic PVA based hydrogels that allow simultaneously to substitute 
damaged articular cartilage that is present in several joint pathologies and to release an anti-

inflammatory that help to relieve post-operatory symptoms. Similarly, to natural cartilage, all the 

produced samples are hydrophilic, present a high degree of swelling and low CoF due to its biphasic 

nature.  

It was found that the addition of hydrophilic polymer PAA to the PVA hydrogel increases significantly 

the water absorption capacity of the material and the amount of drug loaded and posteriorly released.  

Incorporation of PEG in the PVA+PAA hydrogel results in higher lubricity, better mechanical properties, 
but lower swelling ratio. However, the amount release of drug released remains similar to what was 

observed with PVA+PAA.  

The annealing treatment improves the crystallinity and crosslinking of the hydrogel enhancing its 

strength and mechanical properties. Moreover, the annealed hydrogel presents the higher cumulative 

drug release when the hydrogel is previously loaded with vitamin E.  

The biocompatibility has been confirmed by HET-CAM test indicating it might be safely used in direct 

contact with human tissues. 

Sterilization by HPP led to a soft polymer and to a decrease in the cumulative drug release for the 
annealed hydrogel.  

To conclude, although the PVA+PAA+PEG+AT hydrogel was the one that presented the best behaviour 

in general terms, further research is needed to improve the hydrogel to get a more prolonged release of 

drug and to obtain a sterilized and biocompatible hydrogel with good tribomechanical behaviour closer 

to the natural cartilage. Other aspects such as protein adsorption, chemical stability and cytotoxicity 

studies shall be addressed to fully characterize the material developed during this work.  
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