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Abstract 

Articular cartilage is a key tissue for the normal functioning of the joints, with a trend for degradation 

with aging and physical activity. The lack of vascularisation hinders the self-repair, and often a scar 

tissue replaces the damaged cartilage, failing to fulfill the mechanical and functional needs for normal 

functioning of the joints. Current therapeutic approaches fail to stop the progression of this chronic 

disease, and represent a huge economic burden for the health system. The need for a less-invasive 

treatment for delaying the progression of the disease while improving the life quality of the patient 

has led to tissue engineering scientists to research for a potential therapy. Currently research has 

focused on MSCs for their expansion potential, multi-lineage differentiation and low immunogenicity. 

Despite the promising outcome of novel studied there is still need for techniques that manage to 

generate tissue matching those properties of the native cartilage. 

This work aimed to develop a new technique for cartilage regeneration that could potentially deliver 

a remote therapy. UC-MSCs were studied as a potential cell source for chondrogenic differentiation 

using the MICA technology. Cells were labelled with MNPs targeted towards TRPV4, a mechano-

sensitive ion channel involved in cartilage homeostasis (1). The channel was activated following MNPs 

labelling of cells, by using a magnetic force bioreactor that generates an external alternating magnetic 

field. The force exerted by the activated MNPs trigger the activation of the ion channel, with the 

subsequent ion exchange and signaling activation pathway. 

The effects of the MICA technology on the chondrogenic response were assessed by in-depth 

histological and immunohistochemical assessment of the cartilage constructs. In addition, gene 

expression analysis of chondrogenic markers and early transcription factors was performed on several 

cell sources.  

The combination of the MICA technology together with the aid of biochemical cues resulted in 

constructs showing enhanced deposition of chondrogenic markers at early time points. Elevated 



ii 
 

collagen II, proteoglycans and SOX9 was observed for the 3D constructs without any presence of 

hypertrophy signs. This was observed for all tested cell sources with a promising potential for UC-

MSCs as candidates for cartilage repair. We believe that the work here has a great potential for 

developing a therapy for cartilage repair based on the combination of MSCs and MNPs with the aid of 

the MICA technology. 
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1.1 Joints and Cartilage: Anatomical review 

The key element for a fluid, painless and frictionless movement resides in the good health of the 

skeleton joints. The joints are the flexible connections between bones that allow for free movement. 

There are various types of joints in the body with different mechanical properties based on their 

function and they can be classified according to both the structure or the function.  

The structural classification sets the difference based on the type of connection of the adjacent bones, 

being connected either by connective tissue or cartilage, and bone connected by a joint cavity filled 

with fluid (2).  

Attending to the structural classification three joint types can be described: 

 Fibrous Joint: the bones are joined by a fibrous connective tissue 

 Cartilaginous Joint: bones are joined by hyaline cartilage or fibrocartilage 

 Synovial Joint: the bones are not directly connected, and they make the connection within a 

joint cavity that contains a lubricant fluid. These synovial joints are the most common joints 

of the body 

When classifying the joints according to the function they serve, the differences are set by the grade 

of mobility from the adjacent bones (3): 

 Synarthrosis otherwise known as immobile joint 

 Amphiarthrosis or slightly movable joint 

 Diarthrosis or movable joint 

All synovial joints are classified as diarthrosis however, depending on the location the fibrous joints 

and the cartilaginous can be allocated either into the synarthrosis or amphiarthrosis category. The 

synovial joints or diarthrosis are the most common in the human body and can be found in the knee, 

shoulders, hips, and elbows among other areas (Figure 1-1). They allow for the majority of the skeletal 
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movements. Under normal conditions they allow for a free and frictionless movement, however, the 

failure of these structures leads to arthritis development (4). Lining the diarthrodial joints two layers 

of synovium can be found: the intimal lining layer and the sublining layer. The intimal layer forms a 

barrier between the synovial fluid cavity and the sublining layer. Synovial fluid is secreted by the 

synovial membrane that lines the articular cartilage. The composition of the synovium and the 

extracellular matrix (ECM) is regulated by the fibroblast-like synoviocytes that reside in this space by 

their production of components such as hyaluronic acid and other joint lubricants  (5). 

                      

Figure 1-1. Anatomical description of the knee joint in a sagittal view. The elements surrounding the 

knee structure are key for bringing functional and anatomical support to the joints. The cartilage 

covering the surface of the femur and tibia protect from frictional forces and the space between them 

is filled with the synovial fluid (2). 
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1.2 Articular cartilage 

The gliding surfaces of the synovial joints are covered by a specialised tissue known as articular 

cartilage (AC). The principal function is to provide frictionless and smooth movement of the joints and 

to facilitate the load transmission (6). According to the matrix composition, the cartilage can be 

classified into hyaline, elastic, fibro-elastic, and fibro-cartilage tissue. The articular cartilage classifies 

as hyaline cartilage. The majority of the skeleton is pre-formed by hyaline cartilage and prior to 

maturity, the hyaline cartilage content of the bones will partially determine their growth. However, 

some tissues will remain composed by hyaline cartilage and this is the case for the articular cartilage 

of the synovial joints (7). The hyaline cartilage structure responds to the load-bearing function of the 

joints, having low-friction and wear resistant properties that allow to bear, distribute and transmit the 

load to the underlying subchondral bone (8). 

1.2.1 Structure of articular cartilage 

The hyaline cartilage is aneural, avascular and alymphatic. It is composed of a highly organised matrix 

that responds to the function of the tissue. This tissue is formed by very specialised cells called 

chondrocytes embedded within a thick ECM that varies its composition with depth. The mature 

cartilage has a low cellularity, being <5% of wet weight corresponding to chondrocytes (9). Articular 

cartilage is usually 2-4 mm thick and covers the inner surface of the joints. The biomechanical 

properties of the AC are highly influenced by the solid phase of the tissue, comprised of the collagen 

network and the proteoglycans, and together with the ability of retaining water allows load 

distribution (10). A subdivision of the zones of the cartilage is formed by the variable distribution of 

the chondrocytes – the superficial zone, the middle zone, the deep zone, and the calcified zone (Figure 

1-2). Each of the zones is composed by three regions – the pericellular region, the territorial region 

and the interterritorial region (6). 
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Figure 1-2. Zonal organisation of articular cartilage. (A) The structural arrangement of the collagen 

fibres orientation and the water and proteoglycan zonal distribution are the main contributors to the 

load bearing function of the cartilage. The zonal distribution allows for a rearrangement of the 

interstitial fluid volume that allows the tissue to withstand deformation under dynamic compression 

events (11). (B) Histological viewing of mice proximal tibia with a clear zonal distribution (12). 

The thin superficial zone is characterised by the parallel arrangement of the collagen fibres, mainly 

collagen type II and IX. It is formed by dense layers of flattened chondrocytes that mainly synthesize 

proteins that have a lubricating and protective  role (13). This layer represents 10-20% of the cartilage 

thickness. The outer layer of the cartilage is in contact with the synovial fluid and is covered by a thin 

layer called ‘lamina splendens’ (14) and protects the deeper layers, hence the importance of the 

preservation of the integrity of this layer. The water content is higher at this depth of the tissue, being 

also the lowest proportion of proteoglycans. The parallel arrangement of the collagen fibres allows 

for the great resistance to shear and tensile forces (15). 

Following the superficial zone, the middle zone, also known as the ‘transitional zone’, has a more 

disorganised structure of thicker collagen fibres. The fibres are organised in a more oblique 

orientation, and there is an increase in proteoglycan content. The chondrocytes found in the middle 

zone are more spherical with a reduced density. It accounts for 40-60% of the volume of the tissue 

(A) (B) 
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and its main function is the resistance to forces, being the deep zone the principal defence against 

compressive forces. 

The collagen fibres found in the deep zone are the thickest among the tissue, and the perpendicular 

distribution grants the load bearing function. The highest proportion of proteoglycans and lowest 

amount of water can be found in this layer. The cells are arranged in columns, parallel to the collagen 

fibres. The few cells residing in the deep zone have a hypertrophic phenotype. It represents 30% of 

the tissue volume and is followed by the tide mark. This area sets the limit with the calcified zone, 

which is mineralised ECM that acts as the binding region with the underlying bone. The calcified zone 

has a small volume of cells with low metabolic activity, and they express a hypertrophic phenotype. 

These chondrocytes synthesize collagen type X that provides structural integrity and absorbs the shock 

together with the subchondral bone (16). 

A further organisation of the cartilage zones, based on the diameter and organisation of the collagen 

fibres, the cellular distribution, and the proteoglycan content, divides the ECM into three regions. The 

most external area surrounds the surface of cells and is known as the pericellular matrix. It is mainly 

composed of proteoglycans and other non-collagenous proteins. This region has been proposed to 

mediate the signal transduction within the cartilage. Surrounding the pericellular matrix, the territorial 

matrix surrounds individual chondrocytes and has been proposed to have a protective role against 

mechanical stresses given by the collagen fibre network around the cells. This area might be a key 

element to the load bearing role of the tissue. The final and largest region, the interterritorial matrix 

is responsible for the majority of the biomechanical properties attributed to cartilage. The collagen 

fibres found in this region are parallel to the surface of the most external zone of the cartilage and 

have a random orientation (6). 
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1.2.2 Extracellular matrix 

The function of the articular cartilage is mainly determined by the structure, composition, and 

integrity of the ECM. The ECM together with cells and other elements composes  a specialised 

connective tissue formed by a hydrated proteoglycan gel that withstands and distributes the external 

loads. The structure of the ECM is reinforced by the fibrillar network formed by the collagen fibres.   

The solid elements of the ECM, collagen and proteoglycans, represent about 70-75% of the dry 

fraction of the tissue  against the  65-80% corresponding to fluid wet weight  (4,11). The water content 

of the ECM highly varies across the tissue responding to the functionality. The majority of the fluid can 

be found within the space formed by the collagen fibres as a gel and lesser in the intracellular space. 

The water provides the essential lubrication for a frictionless movement and allows for the distribution 

of the nutrients to the chondrocytes. The fluid is key for the intrinsic ability of the cartilage to 

withstand load and can be displaced by the application of external forces.  

The collagen network forms 10-20% of the wet weight of the tissue and is the most abundant 

macromolecule found in the ECM. Most specifically collagen II (90-95%) can be found among the ECM 

forming a fibril network together with the proteoglycans. Other collagen types that can be found in 

fewer amounts are collagen type I, IV, V, VI, IX and XI that help to stabilize the fibril network (17). 

The second largest macromolecules present in the ECM are the proteoglycans that forms 10-20% of 

the wet weight. Proteoglycans are formed by a protein core with glycosaminoglycan (GAG) chains 

attached (Figure 1-3). GAGs are formed by the union of monosaccharides negatively charged forming 

two types of disaccharides, chondroitin sulphate or keratin sulphate. The two main groups of GAGs to 

be found within the cartilage are the large aggregating proteoglycan monomers, also known as 

aggrecans and the small proteoglycans biglycan, decorin and fibromodulin (16). Aggrecan is the most 

abundant and largest of the proteoglycans found among the ECM. It plays a crucial role on the 
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resistance of compressive loads due to the osmotic properties given by its structure. It forms large 

aggregates by linking to hyaluronan molecules via link proteins. 

                                    

Figure 1-3. Macromolecular structure of proteoglycans embedded on a collagen network. 

Hyaluronan molecules act as a core region where the glycosaminoglycans are bound by a link protein. 

Aggrecan monomers bind to the core forming large GAGs chains that support the cartilage structure 

together with the collagen network (18). 

 

Chondrocytes represent 1-5% of the entire volume and they are found in varying dispositions across 

the depth of the tissue. They are responsible for the synthesis of the matrix components and for 

maintenance and repair of the ECM. These highly specialised cells create a microenvironment within 

their vicinity and have the ability to effectively transduce biomechanical cues from the environment. 

The complex of the chondrocyte and its pericellular matrix is known as the chondron, considered as 

the structural, functional and metabolic unit of the articular cartilage (19). The replication capacity of 

these cells is low and together with the lack of vascularisation of the tissue, highly limits the 

regenerative capacity of the cartilage following an injury. The lack of vascularisation limits the nutrient 

supply that is performed by diffusion and thus, chondrocytes depend on anaerobic metabolism. 

The chondrocytes are responsible for the maintenance and repair of the ECM. They can synthesize 

matrix components; however, their function can be altered by the signals received from the external 
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environment and the biochemical cues. These alterations lead to either enhancing the synthesis or 

the degradation of the proteoglycans of the surrounding matrix (20). 

The ECM together with the chondrocytes plays a homeostatic role maintaining the composition and 

structure of the tissue. Chondrocytes are protected from the external forces by the ECM and they 

balance the degradation and synthesis of the matrix components by synthesizing new 

macromolecules. The complete renewal of the proteoglycans can take up to 25 years (21). 

1.2.3 Function and Mechanical Properties 

The hydrophilic nature of the cartilage with its tendency to embed water and electrolytes is 

responsible for the highly specified load-bearing function of the AC. The biomechanical properties are 

highly influenced by the integrity and structure of the tissue, with the loss of the native structure being 

precisely the main cause behind the onset of pathologies. Articular cartilage has unique viscoelastic 

properties, and provides a smooth, lubricated frictionless surface. The load bearing properties allow 

for the transmission of the load to the subchondral bone, necessary to withstand the high pressures 

that the tissue is subject to under normal daily activities (22). 

The biphasic nature of the tissue allows for its unique biomechanical properties. During joint loading, 

the forces applied lead to an increase of the interstitial fluid pressure. This translates into fluid flowing 

out of the ECM into the permeable solid matrix which then deforms, modifying the hydrostatic 

pressure. The viscoelastic behaviour of the cartilage is given both by the frictional drag force of the 

interstitial fluid that flows into the matrix, and the time-dependent deformation of the matrix under 

compressive forces (23). The cartilage ECM solid fraction is mainly composed of a collagen network 

and negatively charged proteoglycans that attract a high cation concentration within the tissue. This 

results in a difference between the osmotic pressure between the ECM and the surrounding synovial 

fluid which leads to swelling of the tissue allowing it to withstand the compressive forces and the 

deformation (Figure 1-4) (24,25). 
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Figure 1-4. Schematic representation of the role of proteoglycans in the cartilage under compressive 

load. Under static conditions, the negatively charged proteoglycans attract a high concentration of 

cations, therefore increasing the interstitial osmolarity. The difference between the osmotic pressure 

with the surrounding leads to an increase of the water content in the cartilage ECM, and the volume 

increase is resisted by the collagen network. Following compression, the water is forced to exit the 

tissue in order to withstand the pressure, with the following increase of osmolarity within the tissue. 

(26). 

1.3 Osteoarthritis and clinical approaches 

It is well known that the articular cartilage has limited capacity for repair following a lesion due to its 

isolation from the systemic circulation. The constant use of the joints throughout life, and a 

combination of other factors that damage the layer of the articular cartilage, lead to a degenerative 

state of the tissue known as arthritis. Among this disease, osteoarthritis (OA) is the most common 

type of arthritis (27). OA is a complex multifactorial chronic degenerative disease characterised by the 

progressive loss of native cartilage structure, and the following thinning of the tissue with a final 

exposure of subchondral bone in advanced stages. OA symptoms vary from joint stiffness, pain, 

swelling, or limited and impaired movement amongst others. The disease begins with lesions on the 

articular surface associated to the disruption of the collagen network causing a collapse on the tissue 

structure with the subsequent loss of the innate ability of load-bearing (15). 
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The exact mechanisms of the pathology of OA remain under constant investigation however, some 

factors such as the sex, age, body mass index (BMI), inactivity, hereditary factors or dietary intake are 

known to  have an impact on the onset of the disease (28). It has been proven that OA is more 

prevalent in women compared to men and symptomatic OA is more common among the 65-year-old 

and older population. In addition to the enormous impact that this disease has in the patient’s life, 

hindering daily activities, it also has an impact on mental health (29). Moreover OA represents a major 

economic burden in the UK from the diagnosis to the treatment of the disease (30). 

Articular cartilage injuries can be divided into partial or full thickness defects. Partial thickness defects 

do not reach the subchondral bone and do not have a spontaneous self-repair mechanism. Full 

thickness defects, however, reach the subchondral bone leading to the local influx of mesenchymal 

stem cells and blood from the breach. The chondrocytes have a limited repair capacity and despite 

the repair attempt, the newly formatted tissue does not match the same structural and functional 

characteristics as the native tissue. Chondrocytes response results in an increased matrix synthesis 

and undergo hypertrophic differentiation, expressing hypertrophy markers such as  run related 

transcription factor X (RunX), collagen X (Col X) and manganese peroxidase 13 (Mnp13) (31). This scar 

tissue is known as fibrocartilage and is characterised by a collagen network  composed of a higher 

collagen I to II ratio than native tissue (11). The damage of the articular cartilage leads to the activation 

of inflammatory signalling pathways with recruitment of proinflammatory cytokines such as 

interleukin-1 beta (IL-1), tumour necrosis factor-alpha (TNF-) and matrix degrading proteins such 

as metalloproteases that damage the ECM (Figure 1-5) (32). 



12 
 

  

 

Figure 1-5. Structural and molecular changes in OA. Healthy joints show a smooth surface of the 

articular cartilage layer that allows for a painless and frictionless movement. OA commences with 

small lesions on the surface of the cartilage layer that progress into the depth of the tissue until the 

subchondral bone is exposed. The activation of the immune system triggers the infiltration of 

inflammation mediators such as TNF-,  interferon gamma (IFN- or  interleukin 4 (IL-4) that further 

damage the tissue with subsequent formation of bone osteophytes and vasculature infiltration (32). 

 

Chondrocytes are subjected to extracellular stimuli that regulate their biosynthetic and catabolic 

activity. The imbalance of these regulatory events produced by factors such as aging, injury or disease 

may result in loss of tissue homeostasis hindering the limited repair ability of the cartilage. This set of 

events often result in changes in the gene expression pattern driving the alterations on the ECM 

composition that ultimately lead to OA (33). Under pathological conditions, the chondrocytes produce 

more catabolic factors that lead to the destruction of the tissue ending with chondrocytes apoptosis 

and subsequent complete loss of integrity. The destruction of the cartilage leaves the bone surface 
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exposed which turns into friction between surfaces with the development of the acute pain that 

characterises the disease (34). 

Commonly, the severity of OA is evaluated by a histological grading of the tissue. The criteria 

stablished by the International Cartilage Research Society (ICRS) has been classically used in clinics to 

macroscopically classify the OA in four grades. This evaluation system is based on a 0-4 scoring system 

ranking the degree of defect repair, integration to border zone and macroscopic appearance (35). 

Histologically, OA is characterised by the formation of clefts and the incursion of capillaries into the 

calcified zone and progressive erosion until exposure of the subchondral bone (11). The water content 

of the tissue is observed to increase by 90% due to the progressive disruption of the matrix that 

creates an enhanced permeability  (16). In addition to the macroscopic grading of the disease, the 

need for standardising the assessment of OA at the histopathological level allowed experts to generate 

a microscopic grading system. This grading system was published by the osteoarthritis research society 

international (OARSI) and sets a 0-6 severity grade of the disease attending to a scoring system from 

histological analysis based on structural observation of stained microscopy sections (36). 

1.3.1 Pharmacological and surgical approaches 

OA affects 7% of the population worldwide, with 500 million people affected by this disease. This 

represents a heavy economic burden to global healthcare systems (37). Most current treatments for 

OA are palliative, with exercise, weight loss or drug administration as the first line of treatment after 

the appearance of the first symptoms (38). Clinicians often prescribe non-steroidal anti-inflammatory 

drugs (NSAIDs) and corticosteroids injections to ease down the inflammation causing the pain (39). 

Despite the potential to improve the symptoms, this approach does not stop the progression of the 

disease and is not able to regenerate the damaged tissue. Ultimately, patients with OA tend to require 

a total joint arthroplasty. Surgical strategies aim to repair cartilage defects (<4 cm2) (40). The most 

common treatment for end-stage OA of the knee lesion is the knee arthroplasty - this is total knee 
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replacement. However, this treatment is only indicated as a last resource for patients aged 60 or above 

(16). Less invasive techniques are currently performed with the aim of preventing further 

degeneration. 

Bone marrow stimulation is commonly used for full thickness contained defects that reach the 

subchondral bone. This technique employs a drill to disrupt the blood vessels of the underlying bone, 

with the following formation of a fibrin clot in the chondral defect, and the migration of the 

mesenchymal stem cells which will differentiate and form the fibrocartilage. This technique has 

evolved from joint debridement first described by Magnuson to Steadman’s microfracture technique 

(41). Currently debridement is usually performed in combination with other techniques. This method 

involved the drilling of the subchondral bone and the cleaning of the loose ends of cartilage. Most 

commonly, microfracture and debridement are used now in combination. A stable defect is created 

by eliminating the unhealthy tissue and performing multiple wholes perpendicular to the tissue that 

penetrate the subchondral bone. The drilling allows for a clot to be formed and for the recruitment of 

the stem cells around the defect area, aiming to attempt to repair the tissue. However, it has been 

reported that the newly formed tissue does not match the mechanical properties of the native 

cartilage (16,42). 

With the aim of solving the mismatch on the structural and mechanical properties, approaches such 

as mosaicplasty use healthy tissue to replace the defects. Cylindrical osteochondral plugs are 

harvested for a minimal-load-bearing area from the knee and are used to fill in the previously cleaned 

defect. Despite the good outcomes reported by this technique, concerns arise regarding the donor 

site morbidity. This issue has been approached by limiting the defect area to 1-4 cm2 (43). 

Nevertheless, further concerns on the potential instability caused by the fibrocartilage formed around 

the plugs and the difficulties for the plugs itself to integrate into the native tissue have disrupted the 

practice of this technique. 
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A promising line of treatment resides on cell-based techniques (Figure 1-6).  These approaches have 

the advantage of customising the implant attending to the specific defect which allows for the 

treatment of bigger lesions (>3-4 cm2) (42). Among these techniques, autologous chondrocyte 

implantation (ACI) has become a popular approach in clinic. The first generation ACI described by 

Peterson et al. involved the harvesting of tissue from a low-bearing area of the knee, followed by 

culture of the chondrocytes for expansion in number. The cell suspension was then implanted under 

a periosteal patch. Now-a-days this technique has evolved involving the use of scaffolds and growth 

factors, being included among tissue engineering procedures (16). Matrix-induced ACI (MACI) 

introduces the seeding of the cells into a collagen scaffold prior to implantation. This eliminates the 

complications experienced with the graft hypertrophy reported with ACI. The third generation of ACI 

introduces the culture of the chondrocytes directly into a biodegradable membrane of collagen type I 

and III, that is secured into the defect with fibrin glue (44). Despite the promising outcomes, there are 

yet no long-term reports to assess the success of the procedure and the evaluation is limited to 

biopsies, hindering long term follow-up (45). Moreover, this technique still requires double 

arthrotomies and hence less invasive approaches are being sought.   
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Figure 1-6. Therapeutic strategies to address cartilage repair and regeneration. Exogenous cell- 

based therapies aim to deliver autologous or allogenic chondrocytes, mesenchymal stem cells or 

extracellular vesicles directly to the injury site with the aim of providing aid to regenerate the damaged 

tissue. Other lines of treatment opt for delivering drugs to treat the symptoms and trigger the intrinsic 

regenerative response by recruiting endogenous chondroprogenitors to the injury site (46). 

 

1.4 Cartilage tissue engineering 

Despite the success rates reported for some of these approaches, common limitations are met such 

as donor site morbidity, the injury size, the invasiveness of the procedure, or the inadequate 

integration of the graft within the native tissue. The tissue formed by these techniques, fibrocartilage, 

has a different collagen composition and a limited durability, showing decline in clinical outcomes 

after a long term follow-up (47). These limitations raise the need for novel approaches that can 

overcome such difficulties. 

The lack of long-term solutions for articular cartilage damage has pointed tissue engineering 

techniques as a promising strategy to face the difficulties encountered by clinicians.  Tissue 
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engineering aims to regenerate or replace the native tissue involving the use of cells, growth factors, 

scaffolds, and bioreactors. 

1.4.1 Cell sources 

Chondrocytes 

A big debate has been set amongst researchers over the last years concerning the source of cells for 

tissue engineering techniques for AC repair. Chondrocytes have always been an obvious choice and 

are currently being used for therapies such as ACI, obtaining enough cells to treat small defect sizes. 

However, the difficulty to culture and expand these cells while maintaining their phenotype is a major 

limitation. It has been observed that after 2D culture, chondrocytes have a tendency to de-

differentiate showing higher levels of collagen type I and X expression and lower expression of 

collagen II and aggrecan (48,49). The phenotype has also been observed to vary from rounded-shaped 

cells to flattened cells. Moreover, the cell number and the responses achieved when expanding 

chondrocytes are limited by their low proliferative potential specially for older patients. Variability of 

response to growth factors on human articular chondrocytes from different donors with variable age 

has also been observed (50). 

The limited proliferative potential of chondrocytes and the multiple complications associated with the 

use of these cells such as donor site morbidity or the phenotypic change following expansion, has 

addressed the need for alternative sources for cartilage tissue engineering. 

Adult stem cells 

The issues encountered with the use of chondrocytes for cartilage repair have drawn the attention 

into stem cells. Stem cells are undifferentiated cells with high proliferative potential, ability for self- 

renewal and capability of multilineage differentiation. These types of cells can be classified as 

Embryonic cells (ES Cells), Induced pluripotent stem cells (iPSCs) and foetal and adult stem cells (ASCs) 
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with the latter ones being proposed for tissue engineering applications (51). ES cells have an enormous 

potential due to their pluripotency nature, as they can generate any tissue from any of the three germ 

lines, however, they cannot give rise to the whole embryo (52). Nevertheless, the use of ESCs for 

regenerative medicine is restrained by the ethical concerns regarding the origin of these cells. In 

addition, concerns for the potential tumorigenic effect of the cells have made researchers focus on 

the use of multipotent stem cells (53). 

Adult stem cells can be found in specific locations of adult tissues such as bone marrow, blood, muscle, 

adipose tissue, liver, skin or umbilical cord (54). Their differentiation capacity into several lineages is 

limited to their location in the adult body. It has been proposed that their potential is limited to 

maintain the integrity of each tissue. However, it now appears that some of these cells can 

transdifferentiate when moved from  their original location giving rise to cells from any of the three 

germ layers (52). As opposed to ESCs neither adult or foetal mesenchymal stem cells (MSCs) have been 

observed to form teratomas in vivo and present a stable karyotype when cultured in vitro (55). An 

advantage presented by these cells is the proposed immunomodulatory role. MSCs have been 

classified by many authors as “immune privileged cells”. They are involved in the reduction of the 

inflammatory process by releasing anti-inflammatory factors such as interleukin 1 receptor antagonist 

(IL1RA) and by decreasing monocyte activation (56,57). Papadopoulou et al. suggested that MSCs were 

involved in the inhibition of T cell proliferation in vitro and in vivo via the inhibition of TNF- and IFN-

γ leading to an increase of the anti-inflammatory cytokine IL-10 levels (58). MSCs have also been 

observed to supress the formation of dendritic cells from monocytes as well as inhibiting their 

maturation and function through IL-6 expression (59).   

The immune privileged condition of these cells opens the window for the use of allogenic sources of 

MSCs, this is, using cells from healthy donors and transplanting them into the patient. Being able to 

use an allogenic source of MSCs would overcome the issues related to the deficient functionality 

observed when isolated from patients with end stage OA (60). Despite studies like the one performed 



19 
 

by Chen et al. which reported similar results on the therapeutic effects of autologous versus allogenic 

MSCs, conclusions about the immunogenicity of allogenic MSCs should not be made without 

consideration of the specific experimental conditions (61). A review of studies comparing the 

immunogenicity of both autologous and allogenic MSCs addressed the fact that the immunological 

recognition might be subject to the delivery method or the time the cells survive post-implantation 

(62). Regardless of the need for further studies to assess the immunogenicity of allogenic MSCs, it is 

clear they are a promising source of cells for OA treatment.  A multitude of studies have demonstrated 

the advantages of stem cell delivery for cartilage repair. Vega et al. proved that administration of 

allogenic MSCs in OA patients showed improved cartilage quality measured by magnetic resonance 

imaging (MRI) when compared to the group administrated with hyaluronic acid injections (63). On 

another study, the efficacy and safety of intra-articular injection of allogenic bone marrow-derived 

MSCs in osteoarthritic knees showed improvements in pain and no sign of adverse effects was 

observed (64). 

The mechanisms by which adult MSCs act still remain under investigation however, it has been 

proposed that MSCs therapeutic effect is not restricted to cell replacement but also mediated by the 

paracrine effects on tissue repair, inflammation and angiogenesis (65). Stem cells residing in their 

natural environment maintain an undifferentiated phenotype that is preserved by their niche. 

Following an injury, the signals released by the surrounding tissue invoke proliferation and 

differentiation of the stem cells to regenerate the damaged tissue (54). In addition, MSCs have been 

suggested to have antiapoptotic properties. Altogether these properties attributed to the secretome 

of MSCs  might be of interest for joint tissue regeneration by stimulating the proliferation of 

endogenous cells, regulating the inflammation within the injury site and preventing the degeneration 

led by OA (66). 

The best characterised source of MSCs are the ones obtained from the bone marrow (BM). BM-MSCs 

have a relatively easy extraction and isolation method, and they do not dedifferentiate when cultured 
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in vitro as opposed to chondrocytes. A good and easily accessible source of MSCs is also fat. Adipose 

tissue derived stem cells (ATMSCs) have also been proposed for cartilage repair strategies, however, 

several studies report the inferior chondrogenic potential when compared to bone marrow MSCs 

(53,67). BM-MSCs have been widely studied for clinical applications delivered via intra-articular 

injection or seeded into a biomaterial, with the aim of improving current surgical approaches. Saw et 

al. delivered intra-articular injections of marrow aspirate and hyaluronic acid (HA) after subchondral 

drilling in goats. After a 6 month follow-up they reported hyaline cartilage-like formation in the 

experimental groups compared to the control, with drilling alone or drilling and HA administration 

(68). Following the animal study, the same group performed a randomised controlled trial involving 

50 patients comparing the effect of post-operative injections, after subchondral drilling, of HA to 

injections of HA in conjunction with injections of peripheral blood stem cells. Results showed a more 

consistent cartilage-like tissue and good filling of the defect for the intervention group with intense 

proteoglycan staining and type I and II collagen in superficial and deep layers correspondingly (69).  In 

another study, a caprine model with a focal cartilage defect was used to compare the recovery after 

bone marrow stimulation with or without intra-articular injection of MSCs. A follow-up of 6 months 

was performed  in which MSCs injection was found to improve the integration and filling, and the 

GAGs and collagen type II production of the newly formed tissue versus drilling alone (70). Despite 

BM-MSCs increasing popularity for therapeutic approaches, their use is limited due to their 

proliferation rate and the fact that the differentiation potential of the cells is directly correlated with 

the donor age (55). 

Foetal stem cells 

An alternative source of stem cells is the use of foetal MSCs. Given the origin of these cells the 

proliferative potential and self-renewal capacity is much greater than adult MSCs. Foetal MSCs 

successfully meet the criteria for regenerative medicine applications: there are no ethical concerns 

associated with their use; they are also harvested painlessly; they are young and share some 
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embryonic features such as high cell proliferation, and have a great differentiation potential. In 

addition, they are immuno-privileged and have not been observed to be tumorigenic (71). Foetal MSCs 

can be isolated from the amniotic fluid, the umbilical cord and the placenta (72). These cells are 

capable of regenerating damaged tissue while secreting growth factors, cytokines and other molecules 

(73). Umbilical cord-derived MSCs (UC-MSCs) have become an interesting source of MSCs for clinical 

application given the fact that the tissue is discarded as waste material after delivery (74). UC-MSCs 

expression of major histocompatibility complex (MHC) class I molecule is very low and they do not 

express MHC class II, necessary for T cell activation, therefore a potential use as an allogenic source 

would be possible (75). In addition, they are able to be stored in liquid nitrogen for long periods of 

time with good recovery properties (76). Some studies have analysed the chondrogenic potential of 

umbilical cord-derived MSCs reporting promising results for orthopaedic applications. In a study, 

Reppel et al. compared the chondrogenic potential of BM-MSCs to Warton Jelly- derived MSCs (WJ-

MSCs) (a connective tissue found in the umbilical cord) embedded in an alginate/ hyaluronic acid 

scaffold. Despite the lack of stimulation with growth factors, chondrogenesis was observed for the 

WJ-MSCs by enhanced expression of chondrogenic genes like Sox9 (SRY (sex related-Y)-type high 

mobility group box), in comparison to BM-MSCs. In addition, collagen type II synthesis was observed 

to be greater for WJ-MSCs, at both transcript and protein levels (77). The first human clinical study 

was performed by Park et al. where they aimed to investigate the safety and efficacy of Cartistem®, a 

novel medical product made of allogenic human UC-MSCs and HA, for cartilage regeneration in OA 

patients. After a 7-year follow-up no adverse effects were observed. In terms of efficacy, an 

arthroscopy performed 1-year post treatment revealed good integration of a hyaline-like tissue at the 

lesion site. These findings were reinforced by histological assessment and MRI imaging. In addition, 

the pain score improved from the first check up after implantation and was maintained up to 7 years 

(78). This study warranted the safety of human UC-MSCs for clinical applications and opened the door 
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for future studies to further asses the chondrogenic potency of foetal MSCs in contrast to currently 

used stem cells.  

Previously it has been reported that autologous BM-MSCs or ATMSCs are negatively affected by 

increasing age (79). The proliferation, self-renewal and differentiation ability seems to be drastically 

reduced for patients aged over 60, or obese patients. A retrospective study on 128 patients treated 

with allogenic UC-MSCs implantation for OA repair, showed after a 2-year follow-up a significantly 

improved clinical outcome. In addition, the patients’ characteristic such as age, lesion size and obesity 

where also analysed reporting no significant differences on the clinical outcome regardless of these 

aspects (80). These findings suggest that UC-MSCs might be a potential source of allogenic stem cells 

for those patients with an unviable source of autologous MSCs. A more recent study on the combined 

delivery of HA and human UC-MSCs on 29 subjects showed improvement in several clinical scores 

however, no significant improvements where seen on MRI (81). The mechanism of action by which 

UC-MSCs improve OA symptoms needs to yet be elucidated. It remains unclear if these MSCs undergo 

chondrogenic differentiation or if the improvement is due to the stimulation and proliferation of the 

resident progenitor cells by the paracrine effect of the MSCs (82). Hence further investigation needs 

to be done to determine the potential for clinical use in OA models of UC-MSCs. 

1.4.2 Bioreactors and biomaterials 

Mimicking the native environment of the cartilage involves attempting to recreate also the 

biochemical and physical stimuli within the joint niche. Bioreactors have been widely used on the past 

to closely monitor and control biological and biochemical processes. In tissue engineering, bioreactors 

are defined as systems that use mechanical means to control mechanical processes (83). Bioreactors 

have been widely used to deliver and control both growth factors and mechanical signals in the form 

of compression, hydrostatic pressure, or shear with the aim of direct the differentiation towards a 

specific tissue. Many tissue engineering products have failed in the past due to the inability of the 
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construct to withstand in vivo the frequency of loading and the stresses that tissues are subjected to 

in vivo (84). This issue has been addressed with the introduction of bioreactors for construct culture. 

Often bioreactors are used to stimulate cells seeded into specialised scaffolds. A broad range of 

synthetic and natural biomaterials have been studied with the aim of providing a scaffold to support 

and guide the cell growth and differentiation processes. Scaffolds introduce the advantage of 

incorporating growth factors generating a favourable niche for cells to grow at the same time as 

providing mechanical stability (85). One of the main focus on scaffold development for cartilage repair 

is the generation of materials that match the mechanical properties of the native tissue and are able 

to withstand the forces exerted by the bioreactors. Over the past years, clinicians have often recurred 

to the use of intra-articular injections of hyaluronic acid (HA) for OA treatment. HA has been observed 

to palliate some of the symptoms while being relatively free of side effects (68). HA can be found in 

native cartilage, and it has been observed to support and promote chondrogenesis of MSCs. In 

addition, the use of HA as a vehicle may ensure the delivery of MSCs to the injury site (86). Other 

scaffolds proposed for orthopaedic applications are decellularised tissues. Recent studies have 

proposed the use of decellularised tissues to produce ECM- derived scaffolds. Up till now several 

decellularised tissues have been approved for clinical use in patients, such as porcine heart valves, 

urinary bladder and small intestinal submucosa and human dermis (74) (87). However, when selecting 

a scaffold for cartilage tissue engineering, the ability to resist and transmit the external forces is a key 

factor to consider and this is one of the major limitations that scaffold selection currently encounters. 

Tissue engineering approaches aim to optimise cell growth and guide the differentiation process by 

providing a regeneration template in the form of a scaffold and by adding growth factors. However, 

the static culture conditions are often a source of limitations for optimal cell growth, highlighting the 

importance for combining all three aspects of regenerative medicine: stem cells, scaffolds, and 

bioreactors. It has been observed that a heterogeneous cell growth on static culture hinders the 3D 

formation of the tissue. In addition, the difficulty for nutrients to reach the core of bigger scaffolds 
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generates necrosis within this area. The cells located at the periphery have more availability of 

nutrients and have an optimal growth and ECM production. Nevertheless, the ECM layer produced 

causes cells on the interior of the scaffold to often not obtain enough nutrients by diffusion, 

generating a tendency for the cells to move towards areas with more nutrient availability (88,89). This 

has specially been described for hard or mineralised tissues such as bone and cartilage where a strong 

ECM builds up on the outer layer of the construct. It was previously reported that when cultured in 

identical conditions in a 3 dimensional (3D) model, MSCs produced an inferior quality matrix and 

differential gene profile when compared to chondrocytes (90). However, later studies like the one 

performed by Farrel et al. attributed the inferior functional properties to the differential diffusional 

gradients across the constructs. MSCs cultured in agarose scaffolds were observed to produce a 

functional cartilage matrix in areas of optimal nutrient availability however, an inferior ECM deposition 

was observed within the inside of the construct. Moreover, when comparing the properties of the 

superficial region of MSCs against the chondrocyte construct, they matched or exceeded the ECM 

quality. Interestingly, the regional differences across the constructs were reduced or disappeared 

when cultured in dynamic conditions (91).  

Among other purposes, bioreactors have been introduced as a solution to ensure the adequate 

diffusion of nutrients, oxygen, chemical signals and waste products by introducing flow systems (92). 

For this purpose, flow perfusion bioreactors have long proved their efficiency. Already in 1998, 

Glowacki et al. proved the efficacy of flow systems for high density culture conditions, by showing 

increased media diffusion and cell proliferation across the depth of the construct (93). However, this 

may not be of benefit for cartilage tissue engineering given the fact that oxygen tension is a regulator 

of MSCs fate. Lower oxygen tensions have been proposed to enhance chondrogenesis on MSCs 

(94,95). Dynamic culture systems have been shown to increase oxygen transport across the depth of 

the scaffold while supressing chondrogenesis. On the contrary, static cultures manage to preserve the 

oxygen gradient observed in native tissue, leading to an enhanced matrix synthesis (96). Dali et al. 
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however, showed improved chondrogenesis and distribution of matrix components on scaffolds 

cultured dynamically when low oxygen tension (3%) was applied, when comparing to higher oxygen 

tension (20%) and static culture (97). 

Despite the chondrogenic potential for MSCs being clearly established (98), it is proposed that the 

stimulation with differentiation factors such as transforming growth factor  (TGF-) alone might not 

be enough for obtaining a mechanically viable scaffold. Hence, mechanical stimulation has been 

proposed as a strategy for optimising the construct functionality. This is of vital importance for 

cartilage applications given the key role of mechanical loading for development, remodelling and 

maintenance of healthy articular cartilage (99). Currently there a several types of bioreactors able to 

deliver mechanical stimuli by different means. For articular cartilage engineering, the most widely 

studied are the ones delivering dynamic compression or shear forces (100,101).  

Recently a novel type of bioreactor is being used for orthopaedic applications: the magnetic force 

bioreactor. This technology is based on the use of magnetic nanoparticles to deliver localised forces 

directly to the cells. The specialisation of this method allows for a direct stimulation of the cells, 

eliminating the need for the scaffold to transmit the force to the cells. The magnetic force bioreactor 

is further discussed in the section 1.5. 

Although it remains clear that the application of external forces is beneficial in order to improve the 

mechanical properties of the construct, it also highlights the need for a deeper study on the 

stimulation type, magnitude and duration needed for optimal tissue formation (102). In addition, the 

existence of opposing results regarding the stimulation regimes in order to induce chondrogenesis 

and achieve a fully functional tissue, evidence the need for a deeper understanding on the 

chondrogenic events occurring at the molecular level. 
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1.5 Mechanotransduction 

While hydrostatic pressure or dynamic loading of chondrogenic constructs has been demonstrated to 

improve the mechanical and functional properties of the constructs and promote ECM deposition, it 

also delivers the risk of activating unspecific signalling pathways. Fine control of the mechano-

responsive elements of the cells could potentially direct them towards a specific differentiation 

pathway. 

It is well known the importance of mechanical stimuli for the healthy development and maintenance 

of bone and cartilage tissue. In cartilage, after load is applied, the collagen network of the ECM 

stretches by the osmotic force exerted by the hydration of the PGs. These forces are also transmitted 

to the cells residing in the tissue (103). At a cellular level, this is the result of small distortions exerted 

on the cell membranes that lead to the activation of specific ion channels that turn into a whole 

cellular response. Among other cells, chondrocytes and MSCs have reported to have responsive 

elements to external stimuli (104). The ability of the cells to translate an external signal into a cascade 

of internal messengers with the following gene activation is known as mechano-transduction. These 

external signals are often “sensed” by cell membrane receptors called integrins (Figure 1-7). These 

molecules form a molecular bridge that links the membrane to the cytoskeleton of the cell, through a 

molecular framework that gives structure to the cell formed by actin microfilaments, intermediate 

filaments, and microtubules. Integrins, amongst other specialised receptors can sense the external 

mechanical stimuli and transmit to the cell in form of chemical signals that lead ultimately to gene 

expression. Often this response is also mediated by the physical coupling of the receptors that are 

internally linked to acto-myosin filaments by altering the cytoskeleton tension (105,106). These unions 

are known as focal adhesions, and they are important connection points of the cytoskeleton with the 

ECM. When the focal adhesion sense an external stimuli, the signal transduction molecules change 

their activity with the following calcium influx through mechano-sensitive ion channels,  and the 

subsequent protein phosphorylation and activation of second messengers (Figure 1-7) (106). 
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The structural disposition of the cytoskeleton plays a crucial role in the cell fate by influencing viability 

and differentiation fate. Conservative models of cell mechanics describe the microfilament network 

connected to the cell membrane as the primary load-bearing structure of the cell. However, a novel 

model has emerged based on the tensegrity principle. This concept suggests that cells are tensegrity 

systems that stabilise their shape by the continuous tensions instead of by the constant exertion of 

compression forces (107). The tensional forces are generated by the cytoskeletal filament network 

and ECM adhesions that resist the compression, placing the cell in a pre-stressed state that stabilises 

Figure 1-7. Focal adhesion mediated mechanotransduction. Mechanical stimuli coming from the 

exterior or interior of the cells travel through the anchoring points of the cells. The focal adhesion 

complexes transduce the signals bidirectionally through the inner microfilament network that is in a 

natural pre-stressed state. The stimuli detected by the integrins located in the focal adhesions can 

induce the clustering of the  and  units with the following recruitment of the focal adhesion 

proteins. Stimuli are then translated into chemical signals that will mediate intracellular signalling 

cascades ultimately leading to gene expression and protein production (84). 
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the same. The tensegrity model suggests that stresses applied to the cells are withstood by the 

molecular network and transmitted to the cell cytoplasm via the microfilament network, through 

mechanically sensitive transmembrane receptors such as integrins. This model differs to the stablished 

models in that it claims that the stresses are transmitted to the cells equally at all points on the cell 

membrane. With the aim of supporting the tensegrity model, Ingber and Wang, developed the 

magnetic twisting cytometry method. By using magnetic microbeads, they were able to manipulate 

specific cell surface receptors by delivering tensional stresses. With this technique, they were able to 

show that selectively stressing mechano-sensitive structures linked to the cytoskeleton, such as 

integrins had a higher degree of mechanical coupling than when other transmembrane molecules 

were manipulated  (105,108). In addition, it has been previously demonstrated that the modification 

of location of the focal adhesions on the cells interferes with the viability by means of altering the cell 

shape. It has been previously observed that cell survival and growth increases with cell spreading 

(109).  

It now remains clear that contrary to prior models, the mechanical forces exerted to the cells do not 

generally distort the whole structure. Instead, mechano-responsive elements such as integrins, linked 

to the internal microfilament network of the cell have been attributed the role to rapidly transduce 

the signal to the cytoplasmic compartment. However, integrins are not the exclusive mechano-

transducer elements found in the cells. Other membrane molecules such as stretch-sensitive ion 

channels, extracellular signal-regulated protein kinase (ERK), focal adhesion kinase (FAK) or protein 

kinase C among others, have been attributed the role of signal transducers (110). It has been proposed 

that the stress-sensitive ion channels sense the mechanical signals through their cytosolic linkage 

molecules and these signals are translated into intracellular chemical signals (111). This model 

supports that there is a global structural alteration of the cytoskeleton. Davies demonstrated that 

when submitting endothelial cells to fluid shear stress, an intracellular signalling event was activated 
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however, after cells reorganised the cytoskeleton to be oriented in line with the fluid flow, these 

events were ceased (112). 

Hence mechanical stress alters the whole cytoskeleton triggering the physiological response of the 

cells to stress. Nevertheless, some researchers disagree on this model claiming some 

mechanosensitive events happen independently of the focal adhesion union to the cytoskeleton (111). 

However, some studies show a link between these independent mechano-receptors and integrins. 

This was the case of the membrane transport vesicles, caveoles, that have been seen to elicit 

messenger recruitments and signalling cascades following mechanical stimulation by fluid flow. A 

study on this case of mechanotransduction revealed that an association between the caveoli and 

integrins was needed for recruitment of specific molecules required for ERK pathway activation (113). 

Although it remains controversial the specific mechanism by which cells transduce the stimuli into 

chemical signals, it is clear that cells have specific designated molecules capable of sensing and 

translating membrane alterations. Signals proceeding both from mechanical stress and specialised 

mechano-sensitive structures both converge into combined signalling pathways that ultimately affect 

gene expression (111). This leads to the idea that targeting specific molecules on the cell membrane 

may be of use for tissue engineering approaches in order to modify and guide the cell behaviour.  

1.5.1 RGD 

With the aim of further studying the effect of individual membrane receptors in the signal transducing 

process and the relation of these molecules and the cytoskeleton, research has focused on the 

selective stimulation of specific integrins. Wang et al, delivered shear stress to the fibronectin receptor 

integrin 51, by attaching ferromagnetic microbeads coated with the receptor ligand Arg-Gly-Asp 

(RGD) peptide. By magnetising these beads and applying a magnetic field, they were able to twist the 

beads and exert a controlled stress. Stimulated cells were seen to become stiffer in culture and 
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increased resistance to mechanical stress was observed. This however, was not observed for cells that 

had attached beads coated with nonspecific ligands (114). 

RGD is a cell adhesion sequence discovered for the first time in fibronectin 12 years ago and it has 

been observed to be the cell attachment site for a variety of adhesive proteins such as fibrinogen, 

vitronectin, osteopontin and some collagens (115,116). This adhesion peptide has been previously 

used in cartilage tissue engineering with the purpose of improving the adhesion of chondrocytes to 

the scaffold (117). The fibronectin receptor has been previously found among other cells in 

chondrocytes, the RGD ligand units 51 have been studied for its role in regulating the chondrocyte 

metabolism and ECM maintenance and repair (118). By submitting agarose seeded constructs to 

compression regimes and adding an integrin blocking agent to the medium, Mock et al, demonstrated 

the role of the RGD-dependent integrins on chondrocytes gene expression and matrix synthesis (119). 

More recent studies have focused on the potential use of mechanical stimulation of integrins using 

the RGD peptide for tissue engineering applications. Magnetic nanoparticles (MNPs) coated with RGD 

peptide were previously used for bone tissue engineering. By attaching the beads to the integrin 

receptor of osteoblasts and applying a cyclic magnetic force, the stimulated cells showed enhanced 

osteogenic markers via gene expression and histological staining (120). A similar study using the same 

methodology and by delivering a static magnetic field for 21 days, showed an increase on the 

intracellular calcium following mechanical stimulation. These events happened in a significantly lower 

proportion of cells without MNPs or cells labelled with MNPs that where not mechanically stimulated, 

supporting previous theories on the role of integrins in mechano-transduction (121).  

In cartilage tissue engineering RGD has been merely used as a tool for improving cell attachment on 

several biomaterials with promising results (117,122). Some more novel applications for RGD had 

focused on the potential that brought the possibility of applying selective forces directly to specific 

structures of the cells. Scaffold design has been challenged by the need to withstand the external 

mechanical forces applied. Delivering the forces directly onto the cells highly reduces the limitations 
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to design the 3D structure specially for orthopaedic applications (120). Despite the applications 

reviewed for some fields of tissue engineering, there has not been associated a role of RGD mediated 

integrin activation on driving chondrogenesis. Hence further investigation is being actively performed 

with the aim of seeking specific targets that under stimulation will drive cells towards the desired 

differentiation pathway. 

1.5.2 TREK 

Despite integrins being studied as the main mechano-responsive elements of the cells, other 

membrane proteins and stretch ion channels have been proposed to be signal transducers. This is the 

case for the family of the potassium (K+) channels. The members of this family are divided into six 

subfamilies. Focusing on the “two-pore domain” (K2P) subfamily, TWIK-Related K+ channel (TREK) 

potassium channels are formed by 2 monomers containing each subunit two pore regions and four 

transmembrane segments. Three different splice variants have been identified and they vary among 

each other on the amino terminus (N-terminal) intracellular domain (123,124). The first member of 

the K2P subfamily, TREK-1 has been described to be a mechano-sensitive channel regulated by several 

external stimuli such as voltage, membrane stretch, cell swelling, heat, intracellular acidosis,  G-

protein linked receptors, and polyinssaturated fatty acids such as arachidonic acid (Figure 1-8) 

(125,126). The domain affected by both mechanical and chemical signals is the cytoplasmic carboxyl-

terminal (C-terminal) segment located next to the transmembrane domains. Deletion of the C-

terminal domain leads to increased resistance of the channel to be activated following membrane 

stretch (127,128). It has been observed that the membrane tension regulates the activity of the 

channel, with opening induced by membrane stretch and cell swelling  (129,130). Matching the 

principles of the tensegrity model, it was observed that disruption of the cytoskeleton, by addition of 

biochemical agents, controlled the mechano-gating of the potassium channel. This is indicative that 

the tension of the membrane regulates the channel activity and that the mechanical forces are 

transmitted to the channel through the lipid bilayer (131).  
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The mechanical activation of the channel leads to the activation of the phospholipase A2 (PLA2) 

pathway (127). TREK-1 was firstly described as a channel involved in neuronal processes, due to the 

voltage regulatory processes and the differences on the membrane charge generated following the 

channel activation. Expression of this channel has also been demonstrated for the heart, 

gastrointestinal tract, bladder and the uterine smooth muscles among other tissues (123). In addition, 

it has been implicated in mechanotransductive processes in several tissues such as bone or tendon. 

Techniques that allow for a mechanical activation of single cells have focused on the stimulation of 

TREK-1 channel for tissue engineering purposes. Hughes et al. attempted for the first time to deliver 

localised forces directly to the TREK-1 ion channel by tagging MNPs to the channel. To enable the 

tagging of the MNPs they developed a mutant channel with a 6 Histidine repeat inserted into one of 

the extracellular loops, which is a high affinity binding site that allowed for optimal attachment. 

Figure 1-8. Molecular structure of TREK-1 channel and the various stimuli triggering the channel 

activity. External stimuli such as the variation on the membrane voltage, an increase of temperature, 

mechanical pressure as the one applied by shear forces or poly-insaturated fatty acid trigger the 

activation of the channel with the following outward leak of K+ ions. Cytosolic changes of the acidity, 

as well as signalling mediated by G-protein receptors also control the gating of the channel, triggering 

the activation of intracellular second messengers (123). 



33 
 

Following MNPs attachment, a cyclic magnetic field was applied to deliver forces to the MNPs. By 

using whole-cell electrophysiology they were able to show in a proportion of cells activation of the 

channel tagged with MNPs following application of the magnetic field (132). In another study, 

encapsulated BM-MSCs labelled with either TREK-1 or RGD MNPs were implanted subcutaneously into 

a mouse model. Mice were exposed to a magnetic field during 1h daily to activate the MNPs. Parallel 

to this, an in vitro study on both monolayer and encapsulated pelleted BM-MSCs labelled with both 

TREK-1 and RGD MNPs was performed. Both forms of culture were submitted to 1h daily cyclic field 

to assess the osteogenic and chondrogenic potential of the TREK-1 channel and RGD receptor. 

Following a week of stimulation regimes, they were able to observe in the monolayer culture an 

increase in osteogenic and chondrogenic genes for TREK-1 stimulated labelled cells. For the 

encapsulated pellets, production of matrix elements was remarkably observed for the RGD-stimulated 

pellets. This event was also observed for the subcutaneous implants after 21 days of magnetic 

stimulation, that showed enhanced matrix production with elevated expression of proteoglycans and 

collagen for the TREK-1 labelled constructs and in less amount for the RGD group in contrast to the 

unlabelled controls. In addition, TREK-1 and RGD labelled groups showed a collagen type I and II 

elevated expression and large regions of ECM being produced, showing the potential of specific 

mechanical activation at a cellular level for cartilage and bone regeneration (133). 

Despite several studies which report the activation of chondrogenic genes following selective 

activation of TREK-1 channel on stem cells and chondroprogenitors, there is little literature about the 

presence of this channel on chondrocytes and the applications for cartilage regenerative therapies 

(132). The potential observed for this channel for bone tissue engineering has led researchers to 

search for chondrogenic-specific mechano-transducers and translatable therapies for OA repair.  

1.5.3 TRPV4 

Transient potential ion channels (TRP) are a family of non-selective cation channels sensitive to a 

diverse range of stimuli such as mechanical stress, osmotic force, voltage, temperature, and some 
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small molecules. TRP channels have also been described to participate in sensory physiological events 

such as pain transduction, chemosensory transduction and  touch and hearing in invertebrate models 

(134). The original member of the family was firstly discovered in Drosophila as a key element for 

response to light. There are seven subfamilies classified on the basis of sequence similarity with 

different gating and permeability properties (135,136). Structurally, they are composed of four 

subunits  each formed of 6 transmembrane domains and a pore loop (137). The tetrameric assembly 

of the channel is consistent with the structure of the voltage-dependent K+ channels. A division of 7 

subfamilies has been established into 2 groups based on the sequence similarity on the 

transmembrane domain. Among the first group, the transient receptor potential vanilloid (TRPV) 

subfamily can be found. Mammals express six different forms of that subfamily, and they respond to 

a variety of stimuli. The first for members of the subfamily TRPV1-4 are activated by heat although the 

range of temperature sensitivities varies across channels (138). However, each sub member of the 

family is sensitive to other specific stresses, and the sub members TRPV5 and TRPV6 have been 

described to not require any external stimuli for activation and are controlled solely by the membrane 

potential (139). 

Several members of the TRP family have been implicated in the regulation of both systemic and local 

responses to osmotic stimuli. Moreover, researchers have focused particularly on TRPV4 due to its 

attributed role on the mechanosensing ability of non-sensory tissues such as bone cartilage and 

muscle in addition to its participation in the skeletal development and homeostasis. TRPV4 mammalial 

homologues have a similar length and they share a high degree of sequence identity (~95-98%) (140). 

The presence of the cation channel has been reported in a broad range of tissues such as epithelial 

tissues, spleen, skin, lung, liver, kidney, sensory neurons, osteoblasts and chondrocytes (141). TRPV4 

initial studies were mainly focused on mechano-osmosensitivity properties (142,143). However, later 

studies have proven TRPV4 to have a polymodal activation responding to cell swelling, chemicals, 

phorbol esters, temperature changes and others. Nevertheless, the activation of the channel occurs 
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through multiple different mechanisms (136,139). It seems that the mechanosensitive region of the 

channel is located in the N-terminal intracellular domain, formed by 6 ankyrin repeats. Deletion of the 

ankyrin repeat domain has been observed to impair TRPV4 sensitivity caused by the disruption with 

the cytoskeleton link (143,144). Although it seems that the gating response to stimuli might be located 

in the N-terminus, it has been hypothesised that there might be different mechanisms triggering the 

activation of the channel. However, the effects of mechanical stimuli on the gating mechanism of the 

channel need to be further investigated. The activation of the channel has been widely proven to 

cause calcium- Calmodulin mediated signalling and inositol triphosphate (IP3) signalling. This event is 

initiated in the cytoplasmatic C-terminus domain, where there has been described the presence of a 

binding site essential for the response of the channel to external stimuli (Figure 1-9) (145). 

                             

Figure 1-9. Structural composition of the TRPV4 protein located in the membrane. The channel is 

formed by 871 amino acids forming 6 transmembrane  -helixes and a  cytosolic N-terminus domain 

with 6 ankyrin (ARD) repeats, and the C-terminus domain containing the Calcium-Calmodulin binding 

(CaMBD) region, the  PDZ-like binding motif (PDZ) and the tretratricopeptide (TRP) motif, conserved 

among the channel family that gives the name to the channel. The pore of the channel is located 

between the fifth and the sixth transmembrane loops and the gating has been observed to be 

controlled by various mechanisms. The ligand binding site (LBS) that also controls the gating of the 

channel, has been located among the third and fourth transmembrane domains. Commonly observed 

mutation points causing skeletal dysplasias are indicated in red numbered circles (146). 
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TRPV4 has been implicated in the osmotic regulation of articular cartilage. The cartilage residing in the 

knees is highly subjected to dynamic osmotic and mechanical changes due to the load bearing function 

of the tissue and the structural properties within. The articular cartilage chondrocytes are often 

exposed to osmotic variations given by the changes of the water volume in the interstitial fluid due 

the native structure of the tissue with a high proportion of negatively charged proteoglycans in the 

ECM (147). The chondrocytes response to mechanic and osmotic changes has been associated to 

changes in the intracellular concentration of calcium (Ca+2) in the interstitial fluid, with a following 

increase in the interstitial osmotic pressure. Upon joint loading, the water leaves the tissue and is 

reabsorbed again once the loading ceases (148,149). Although the permeability of TRPV4 is similar for 

Ca+2, strontium (Sr+2), magnesium (Mg+2) and barium (Ba+2), under physiological conditions, there is a 

modest preference for Ca+2 leading to set a relationship between TRPV4 activity and osmo- and 

mechano-regulation. Abundant expression of TRPV4 on porcine chondrocytes at both RNA and protein 

level was found by Phan et al. Moreover, they were able to demonstrate the role of TRPV4 on Ca+2 

influx by activating the channel with the 4 12,13 phorbol didecanoate (4PDD) agonist and inhibition 

of the channel using the antagonist N-[4-[2-[Methyl(phenylmethyl)amino]ethyl]phenyl]-5-(3-

pyridinyl)-2-thiazolamine (GSK205), showing an activation and inhibition of Ca+2 influx respectively. In 

addition, they proved that in the presence of a stretch-activated channel blocker, gadolinium (Gd3+), 

the agonist response was attenuated. Importantly the Ca+2 signalling induced by 4PDD was mostly 

dependant on extracellular Ca+2, showing very low ion flux in cells in Ca+2 free media. The Ca+2 response 

was observed to be facilitated by intracellular stores of Ca+2. The osmo-regulatory role of TRPV4 was 

demonstrated by observing increase in chondrocyte volume in iso-osmotic medium following 4PDD 

administration that was reverted after blocking with GSK205. Furthermore, the inhibition by IL-1 of 

chondrocyte signalling and volume regulation was restored following channel activation with 4PDD 
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(150). All together, these and other similar studies largely confirmed the implication of TRPV4 

regulating the osmotically mediated signal transduction in chondrocytes. 

Given the structure of native cartilage, the mechanical loading directly translates into changes of the 

interstitial volume and osmolarity. Hence the demonstrated implication of TRPV4 as an osmo-

regulatory receptor may also imply a role in the mechano-sensing of joint loading. Some other studies 

suggest that membrane stretch is the cause underlying the activation of the channel. As an example, 

it was observed that in patch clamp studies submitting the cells to both hypotonic media to the cell 

interior and to the extracellular compartment, avoided cell swelling and prevented the activation of 

the channel (151,152). However, direct membrane stretch experiments have not been performed as 

of yet.  

The importance of TRPV4 in cartilage biology has been further investigated proposing a role of the 

cation channel in chondrogenesis. A study which performed a screening of the genes implicated in 

chondrogenesis identified among others, an increase of the expression of TRPV4 and SOX9 genes. 

SOX9 has been previously identified for playing a crucial role in chondrogenesis by regulating the 

transcription of cartilage-specific matrix components such as collagen II or aggrecan however, the 

activation mechanisms remain unclear (153–155). TRPV4 was observed to have a strong effect on Sox9 

activation with increased mRNA and protein expression after stimulation of the channel with an 

agonist. TRPV4 gene was both identified in chondrogenic cell lines and cartilage tissue suggesting a 

definite implication in chondrogenesis. The activation of TRPV4 with the 4PDD in a collagen II 

reporter cell line, saw a dose dependant increase in the activity of the reporter. In addition, when 

stimulating cells with a chondrogenic chemical and 4PDD, a 2-fold increase on the collagen II and 

aggrecan gene expression was reported when compared to cells stimulated with the chondrogenic 

chemical alone. Moreover, and correlating to previous findings, the TRPV4-mediated activation of 

SOX9 was observed to be Ca+2- Calmodulin dependent suggesting that the cation channel mediates 

the signal transduction through that signalling pathway (1). Adding to the increasing evidence of 
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TRPV4 implication in mechano-transduction, the channel has been located within the membrane and 

the primary cilium of chondrocytes. The primary cilia has been widely implicated in mediating 

chondrocyte signalling, responding to stimuli and inflammatory signalling, leading to the idea that 

TRPV4 might mediate some of these responses (150). 

The implication of TRPV4 in skeletal development and homeostasis has been widely studied by 

analysing the effects of punctual mutations on the channel sequence (channelopathies) or by 

observing the effect of deletion of the protein in knockout animal models. Over 70 single amino acid 

mutations have already been described for TRPV4-caused diseases (146). The TRPV4 mutations can 

be separated in two groups attending to the type of diseases associated and the effect of the mutation. 

On one hand, the mutations causing skeletal dysplasia have been associated with gain-of-function 

mutations causing an increased activity of the channel or increased permeability. They are the most 

frequent ones and cover a wide range of skeletal malfunctions (156). On the other hand, the 

arthropathy-causing mutations are related to a decrease functionality of the channel and have been 

observed to develop over the life time course (157). In addition, TRPV4 mutations have been described  

as a major agent causing hereditary motor-sensory neuropathies (158). An example where a gain-of- 

function of the channel was seen to cause a skeletal dysplasia was found by Rock et al. A mutation on 

the fifth transmembrane region of the channel causing constitutive activity of the channel was found 

to be the cause of brachyolmia, a skeletal dysplasia affecting the spine. This data may suggest the key 

regulatory role of TRPV4 in the growth plate (159). The mechanisms behind the effect of the 

constitutive activation of the channel have been hypothesised to be linked to the increased regulation 

of SOX9 following TRPV4 activation, which previous studies have reported to cause growth retardation 

in rats (160). On the contrary, reduced expression of SOX9 has been observed to cause campomelic 

dysplasia, a severe disorder affecting the skeleton, amongst other tissues (161). The reduction of the 

activity of the channels has been related to maladaptation of the cartilage growth plate, hence 

targeting TRPV4 might be a potential therapeutic approach for this set of diseases. Moving to in vivo 
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studies, Clark et al. studied the role of TRPV4 deficient mice in OA. Following 9 and 12 months the 

TRPV4 knockout mice spontaneously developed a more severe OA and at a younger age than the 

control wild type group. In addition to erosion of the articular cartilage that penetrated the 

subchondral bone, the TRPV4 deficient mice also exhibited increased bone mass and calcified menisci. 

Matching other reports, they also observed a loss of Ca+2 signalling due to osmotic variations. A 

surprising finding of this investigation was the higher impact on OA degeneration in male mice 

compared to female which has been previously hypothesised (157,162). 

The correlation between OA development and TRPV4 alterations has been clearly stablished (157). 

Despite the abundance of evidence brought by researchers, the mechanisms behind the pathogenesis 

remain uncertain. Studies on TRPV4 knockout animal models have showed that the loss of the channel 

activity correlated with an accelerated onset of the disease (163). However, TRPV4 expression is not 

limited to chondrocytes, being also present in other cell types within the joint niche such as 

osteoclasts, nerve cells, synoviocytes, MSCs and inflammatory cells, introducing the possibility of a 

global mechanism leading to OA (164). For this the study of the role of the channel in other cell types 

is becoming increasingly popular. 

The role of TRPV4 in chondrocytes has been extensively studied for the better understanding of the 

molecular mechanisms to some skeletal disorders however, the functionality of the channel in MSCs 

is now beginning to be investigated. Corrigan et al. were able to demonstrate the presence of TRPV4 

in MSCs with a preferential location for areas of high strain such as focal adhesions or cilium. They also 

demonstrated that the expression of the channel is mechano-regulated by observing a 1.53-fold 

increase in protein intensity staining following stimulation with fluid shear, in comparison with the 

static control. Matching with previous studies, they also observed for MSCs that  Ca+2 signalling 

following fluid shear was decreased in the absence of TRPV4 functionality (165). Furthermore, during 

chondrogenesis the expression pattern of TRPV4 and the well-defined cartilage markers collagen II 

and aggrecan are observed to be similar (1). Altogether these data suggest the implication of TRPV4 
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in both MSC and chondrocyte mechanotransduction and opens the door to novel tissue engineering 

application at a cellular level. Moreover, TRPV4 has also been reported to be present in synoviocytes 

and to modulate with the inflammatory mediators such as IL-1 and IL-8 that drive the degrading and 

inflammatory process in OA (166). A study on bovine chondrocytes showed decreased nitric oxygen 

(NO) and prostaglandin E2 (PGE2) release in response to mechanical loading in the form of cyclic 

tensile strength, when treated with the pro-inflammatory mediator IL-1. However, this response was 

abolished when treating the loaded samples with the TRPV4 antagonist GSK205. When treating the 

cells with both IL-1 and the TRPV4 agonist (N-((1S)-1-{[4-((2S)-2-{[2,4-Dichlorophenyl)sulfonyl]amino}-

3Dic-3-hydroxypropanoyl)-1-piperazinyl]carbonyl}-3-methylbutyl-1-1benzothiophene-2carboxamide 

(GSK101), they observed that the addition of the channel activator abolished the pro-inflammatory 

response mediated by IL-1 (167). These data provided further evidence to the immunomodulation 

mediated by TRPV4, another potential mechanism by which the channel is involved in OA regulation 

and healthy cartilage homeostasis. 

Given that the alterations on the normal functioning of TRPV4 have been described as the cause for 

several skeletal disorders, potential clinical approaches targeting the channel activity are slowly 

emerging. However, a big limitation in the therapy design is the broad role that TRPV4 plays in several 

tissues, thus, targeting the specific cells becomes crucial. Intra-articular administration of TRPV4 

agonists and antagonists has been proposed to overcome systemic effects (157). Administration of 

channel activators could potentially both protect from further development of OA and have an anti-

inflammatory effect in the synovium. More complex approaches propose the use of mediators that 

interact with the channel. Stanczyk et al. found that the MicroRNA-203 suppressed TRPV4 expression 

and observed upregulation of the MicroRNA in both OA and rheumatoid arthritis. Hence using anti-

sense oligonucleotides blocking the MicroRNA activity could also be a potential target for arthritis 

disease (168,169).  
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Tissue engineering approaches have gathered efforts in developing cartilage constructs with an ECM 

that mimics the mechanical properties of the native tissue. To achieve this, researchers have recurred 

to the use of bioreactors to deliver physical stimuli to modulate the mechanical load that the tissue 

withstands in vivo. Unfortunately, despite the efforts of these approaches, the ECM formed has a 

bigger resemblance with fibrocartilage, failing to meet the criteria for clinical translation. The novel 

discovery of the TRPV4 implication in OA pathogenesis as a mechano-regulator, and the described role 

in cartilage ECM formation makes TRPV4 a promising candidate for not only pharmacological 

approaches, but also for cartilage tissue engineering. A first study proposing TRPV4 as a tissue 

engineering target for cartilage repair showed promising results after chondrocyte construct 

stimulation with 4PDD, showing after 28 days of culture, enhanced collagen production and tensile 

properties when compared to untreated controls. This study demonstrated that TRPV4 activation in 

cartilage constructs has the potential to produce tissue-level improvements (170). Following the steps 

of this initial study, O’Conor et al. evaluated the delivery of a physical stimuli to an agarose-embedded 

chondrocyte construct with the aim of activating TRPV4. After 2 weeks of culturing the constructs to 

allow for ECM formation, they delivered dynamic load for 3 hours on normal constructs and samples 

inhibited with GSK205. After 72 hours, an increase in transforming growth factor 3 (TGF-3) 

expression was observed for normal constructs that was completely inhibited under GSK205 presence. 

The antagonist presence was also noted to diminish the collagen II expression regardless of the loading 

regime. When stimulating the constructs for a period of 4 weeks, matrix accumulation was observed 

to increase with enhanced production of both GAGs and total collagen. This effect was attributed to 

indirect TRPV4 stimulation. Given that stimulated constructs cultured with GSK205 showed an 

attenuated response to load and prevented the increase of the specific matrix components, the 

treatment of the constructs with the TRPV4 agonist GSK101 had a similar response to dynamic loading 

attributing the observed effects directly to TRPV4 activity. Moreover, TRPV4 activation via dynamic 

load was shown to decrease a disintegrin and metalloproteinase with thrombospondin motifs 
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(ADAMTS5) and nitric oxide expression (NOS2), which are genes that are directly related to OA. The 

inhibition of the channel resulted in loss of the gene downregulation effect, bringing further evidence 

for the need of TRPV4 functioning for normal cartilage homeostasia (171). This study adds to the 

increasing evidence that TRPV4 plays a crucial role regulating chondrocyte mechano-transduction and 

physiological responses by activation of specific signalling pathways and gene expression. 

The latest research on cartilage tissue engineering targeting TRPV4 has focused on engineering a 

“mechanically responsive bioartificial tissue construct for drug delivery”, that employs the signalling 

cascade that follows the Ca+2 channel activation. The aim of the study was to deliver the 

pharmaceutical agent anakinra, also known as interleukin-1 receptor antagonist (IL-1Ra), a drug that 

has been observed to attenuate OA progression in preclinical models. However, long-term delivery is 

suggested for an optimal effect in humans. They were able to successfully build chondrocyte 

constructs transfected with a cytomegalovirus enhancer, which, following the delivery of mechanical 

stimulation to the cells, resulted in a programmed production of the transduced genes. By later 

antagonising TRPV4 with GSK205 they observed an attenuation in the gene response, pointing to the 

need for TRPV4 activity for the system to work. However, they observed the activation of the channel 

was not restricted to mechanical load. While this novel technology promises a potential clinical 

application for OA management, many questions are yet to be solved in order to successfully treat a 

disease that has such a complex pathology (172). However, all these novel studies agree on the 

importance of designing therapies targeting TRPV4 activity. Moreover, it is becoming more evident 

that the key for a successful approach resides on the potential to specifically target the channel 

present in chondrocytes, without affecting its activity in the surrounding cells within the joint. Tissue 

engineering methods being able to selectively deliver mechanical activation of TRPV4 could potentially 

become the next generation of cartilage regenerative medicine approaches. 
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1.6 Magnetic nanoparticles 

The popularity of MNPs is rapidly increasing among the scientific community. Magnetic nanoparticles 

can be commonly described as nanomaterials composed of a magnetic core formed of elements such 

as iron (Fe), Nickel (Ni) or Cobalt (Cu). Among the most popular particles for biomedical applications, 

iron oxide based particles such as magnetite (Fe3O4) or maghemite (Fe2O3) are currently being used 

due to the biocompatibility observed (173).  Surrounding the core, there is typically an external 

protective shell and often with organic linkers to functionalise the MNPs for the specific purpose. The 

particle properties vary according to the synthesis method and can be easily modified according to 

the purpose of the particle. The modifiable parameters include particle size, shape, magnetic 

properties, density, mobility, ease of visibility and durability (174). In addition the surface coating 

allows for specific functionality such as targeting specific cell motifs, protection against oxidative 

damage or being immediately cleared by the reticuloendothelial system of the cell (175).  

1.6.1 Magnetic nanoparticle design 

The magnetic core of the nanoparticles provides them with magnetic properties, therefore MNPs obey 

Coulomb’s law of electrostatic force interaction allowing the particles to be manipulated when 

submitted under the influence of a magnetic field (176). The properties of the nanoparticles are not 

the same as the ones on their bulk. The magnetic materials are composed of regions, also called 

magnetic domains, separated by domain walls that together form the bulk material. Each magnetic 

domain has aligned magnetic moments (dipoles), but this can be different in the other domains (177).  

According to the magnetic response of an external magnetic field, MNPs can be classified as 

diamagnetic, paramagnetic, ferromagnetic, ferromagnetic, and antiferromagnetic.  

All materials react to a magnetic field to some extent, and the response to an external magnetic field 

depends on their remanent magnetisation value (r), this is the capacity to retain magnetisation after 

the removal of the external magnetic field. The weakest response to an external magnetic field is 
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observed in diamagnetic materials. When a magnetic field is applied, the magnetic moment of these 

materials is opposed to the direction of the field and therefore the susceptibility (which indicates how 

much the material can be magnetised) is negative (178). The atoms of diamagnetic materials have no 

net magnetic moments hence displaying the weak response. Opposed to diamagnetic materials, 

ferromagnetic compounds exhibit a behaviour of a permanent magnet. In ferromagnets, the overall 

magnetisation can be separated into smaller domains, and the structure of the domains determines 

the size dependence on the materials behaviour. If the diameter is smaller than a critical value (Dc), it 

becomes a single domain developing paramagnetic properties (179). Antiferromagnetic materials 

have magnetic moments of equal magnitude, but they are arranged in an antiparallel conformation. 

Therefore, they cancel each other, having a null magnetisation. Above certain temperature (Neel 

temperature), the magnetic moments fluctuate and materials show a paramagnetic behaviour (173). 

Ferrimagnetic materials are similar to the previous however, the magnetic moments are not equal in 

magnitude and are arranged in an antiparallel conformation and they exhibit a net spontaneous 

magnetisation below the critical temperature (180). As observed in antiferromagnetic materials, 

above the critical temperature they behave as paramagnetic materials. Paramagnetism is the 

magnetic state observed in materials with an unpaired electron. These materials also have domains, 

that in the presence of an external magnetic field they align in the same direction, however they are 

unable to perfectly align due to their random thermal motion (Figure 1-10) (181). 

Most biomedical applications however, base their technology around materials with paramagnetic 

properties. For this state of the material, the size is a critical parameter to consider. Focusing on the 

magnetic domains, when the magnetic material diameter is lower than a critical value (Dc), the 

domains commence to reduce until reaching a “single domain limit” (175). Below this limit, the 

material will behave as superparamagnetic. The single domain resulting from the sum of all the 

magnetic moments has two stable orientations with an anti-parallel conformation, and in specific 

conditions of thermal fluctuations, there can be a transition between both conformations with the 
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following reverse of the material’s polarisation. These materials do not retain magnetisation once the 

external magnetic field is removed (176). Superparamagnetic materials have similar behaviour to 

paramagnetic objects however, they have slightly higher sensitivity to the external magnetic fields 

given their higher magnetic susceptibility (182). 

 

 

 

 

 

 

 

 

 

 

Figure 1-10. Schematic representation of the different magnetic states of the materials without an 

external magnetic field and in the presence of the magnetic field. A) Diamagnetic materials have no 

uncoupled electrons resulting in a lack of magnetisation without an external field. The presence of a 

magnetic field exerts a weak magnetisation. Paramagnetic materials exhibit random disposition of the 

spins without a field that attempt to align in the presence of it. Ferromagnetic materials present a 

certain kind of alignment in the natural state, and in the presence of an external field the moments of 

the different domains align parallel to the field. Both antiferromagnetic and ferromagnetic materials 

present opposing magnetic moments being compensated in the first and having different magnitudes 

in the latter. In the presence of an external field the magnetic behaviour resemblances to that of 

superparamagnetic materials. B) Diagram representing the hysteresis loop of the different magnetic 

behaviours in the presence of an external magnetic field. The remanent magnetisation (Mr) represents 

the magnetisation left once the external field is removed and the saturation magnetisation (Ms) is the 

state reached when an increase of intensity of the external field cannot induced higher magnetisation 

on the material (175). 

(B) 
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Iron oxide particles made of magnetite or maghemite, also known as superparamagnetic iron oxide 

nanoparticles (SPIONs), have become attractive for biomedical applications given their 

biocompatibility and biodegradability and the reduced risk of agglutination. Superparamagnetic 

materials do not retain magnetisation following removal of the external field, hence making these 

nanoparticles interesting candidates for biological administration. The synthesis process of the 

nanoparticles must always reply to the purpose of the application: seeking for biocompatibility, 

durability of the particle until reaching the target or fulfilling the properties to work as a contrast 

agent. The biological response to foreign objects could hinder the therapy by restricting the 

nanoparticle free movement or altering the physical properties and even activating the immune 

system against the MNPs. Moreover, the MNPs must reach the target tissue, making the size a critical 

parameter to consider so that it can trespass the blood barriers (183,184). Other aspects found to be 

crucial in the nanoparticle design include the hydrodynamic size and the surface properties. To ensure 

the delivery of the MNPs to the target, these parameters need to be highly controlled when 

engineering the particles to avoid events such as MNP clustering, avoiding early clearance mechanisms 

and facilitating delivery to the tissue by avoiding early interactions with plasma proteins (185). There 

are several routes for the synthesis being classified as physical methods such as electron beam 

lithography, or gas-phase deposition, however, issues arise when trying to control the particle size. 

Wet chemical methods such as co-precipitation are popular due to its simplicity and high 

reproducibility. Lastly, microbial methods provide a simple route for MNPs synthesis with great control 

over the particle composition and geometry (186). 

MNPs are often coated to ensure preservation of the properties of the particle once administrated 

and to avoid degradation or oxidation of the core and the subsequent loss of the magnetic properties. 

Moreover, the particle coating potentially prevents from agglomeration, provides stability, and 

improves biocompatibility. Several coatings can be used to stabilise the particles such as dextran, 

silica, or gold. However, it is important for the coating not to affect the properties of the particle (175). 
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Further modification of the MNPs is made with the aim of functionalising the particle for the specific 

functional goal. Often linkers or specific receptor ligands such as peptides, small molecules or 

antibodies have been linked to the MNPs to target the particles towards a specific cell or tissue. When 

adding the ligands, the multivalency phenomenon must be taken into consideration. The particle size, 

and the number of ligands attached per particle can potentially increase the adhesion to the target by 

binding to multiple receptors however, up to a maximum number of ligands the process is not 

favoured. For each synthetic state of the MNPs the properties such as size, charge shape or 

hydrophobicity can be altered. Hence it is important to always consider the application purpose and 

the required properties to meet the criteria for a therapeutic agent. 

Biomedical applications need to take into account not only the adequate design of the particle for a 

specific purpose, but also the toxicity and biodegradation of the nanoparticles. Importantly, a MNP 

might not be toxic itself however, the elements released following degradation must also be 

considered. Moreover, accumulation of the particles when hindered the diffusion can also lead to 

toxicity by accumulation (186). A key element to consider is the type of metal that forms the 

nanoparticle core. For example, it has been observed that particles made of nickel or cobalt turn out 

to be toxic in contrast to iron-oxide particles (187). On the contrary, several toxicity studies have been 

performed for iron-cored superparamagnetic nanoparticles with no evidences of toxicity shown 

(188,189). As iron is naturally found in the human body, metabolising this metal is not a rare event. 

Nevertheless, toxicity depends not only on the nanoparticles composition but also on the 

administrated dose, method of administration, biodistribution, solubility and size (190). The surface 

area has been determined as one of the key factors to control toxicity. Particles with a higher surface 

area induce higher toxicity than smaller ones at same dosages (191). Another element observed to 

highly influence cytotoxicity is the particle size. Karlsson et al. evaluated in an epithelial cell line the 

cytotoxic effects of Fe2O3 nano and micro particles showing that nano-sized particles caused more 

oxidative damage than micro-sized particles. However, at lower concentrations there were no signs 
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of toxicity for any of the sizes (192). This indicates that generalisation cannot be achieved for 

delimiting toxicity parameters for particles and the whole set of factors must be taken into 

consideration. 

Regarding the degradation of the SPIONs upon cellular uptake, it is described that under normal 

conditions the nanoparticles enter the cells via receptor-mediated endocytosis, and are metabolised 

in the lysosomes (193). The iron metabolised then becomes part of the body iron stores and is 

eventually bounded to haemoglobin and transported by transferrin, prior to faecal elimination. 

Coatings such as dextran are mostly eliminated by urine (194). Oxidative stress is generated when 

there is an imbalance of reactive oxygen species (ROS) and is the main cause of cellular toxicity, caused 

by disruption of the cellular components and function impairment. The excess of free iron metabolised 

or the leaching of ions from the MNP core has been found to induce ROS production, inflammation 

and apoptosis (195,196). Therefore, unless abnormal amounts of iron are generated due to a high 

dose of administrated particles, the iron released should not cause harmful effects. 

1.6.2 Current applications 

The magnetic properties of the nanoparticles have made them excellent candidates for biomedical 

applications (Figure 1-11). The heat generated from the alignment of the magnetic moments to a 

magnetic field has been used for hyperthermia-mediated applications such as cancer therapy. In 

addition, MNPs are being studied for a wide range of applications such as treatment of infectious 

diseases, drug delivery, MRI contrast agents or biosensors.  

A very extended use for MNPs has been magnetic hyperthermia. The concept is referred to the heat 

produced by MNPs in response to the application of an external alternating magnetic field. Cancer 

therapy has benefited from this application, which allows MNPs to specifically target cancer cells and 

induce apoptosis by overheating the cells to sensitive temperatures. This has been assessed in several 

tissues such as brain or prostate among others (197,198). The heating effect created by the activation 
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of the MNPs has also been used for the treatment of infectious diseases overcoming recurrent issues 

such as drug-resistance (199). Another potential application for MNPs being widely studied is the use 

of the nanoparticles as carrier vectors to efficiently deliver drugs, viral particles, nucleic acid fragments 

or proteins. This methods allows for a safer and more stable delivery, protecting the therapeutic load 

from immediate destruction by the immune system and improves the cellular uptake of the compound 

reducing the side effects so neighbouring tissues are not affected (200,201). 

The field of medical diagnostics has found MNPs a useful contrast agent for MRI. SPIONs have been 

studied for producing an enhanced proton relaxation time when compared to other contrast agents 

(173). The food and drug administration (FDA) approved SPIONs are already being used for in vivo MRI 

diagnostics although some of the agents have been retired due to mild secondary effects driven by 

the metabolisation of the particles. The use of nanoparticles for imaging has allowed for in vivo 

imaging of molecular processes bringing enormous advantages for non-invasively study of diseases. 

By internalisation of the MNPs by the cells, the magnetic properties are transferred, allowing for in 

vivo tracking of the implanted cells. The MRI resolution (25-100 m) allows for individual tracking of 

cells together with the surrounding tissue (202). Markides et al. studied the potential use of SPIONs 

for cell tracking in a rheumatoid arthritis murine model and showed the potential of stem cell labelled 

treatments for online monitoring of the therapy, in addition to optimise the protocol for optimal 

imaging (203). On the down side, the continuous cell proliferation following implantation hinders the 

localisation of the particles due to division of the nanoparticle load and therefore, long-term tracking 

is in some cases unavailable (177). Thus, some challenges remain unsolved for an improved use of 

MNPs in diagnostics. 
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Figure 1-11. Biomedical applications of MNPs. (1) Functionalising the MNPs surface with different 

agents such as drugs or specific ligands introduces the possibility of using the nanoparticles as vehicle 

devices to deliver a compound or a specific effect. (2) SPIONs and other MNPs have been used to 

enhance the signal obtained from MRI signals or (3) to target the destruction of cancer cells through 

the heating generated by magnetisation through an external field. (4) MNPs are also studied for the 

potential to specifically deliver a drug to the target tissue or cellular group (176). 

 

Tissue engineering researchers have also found nanoparticles a useful tool for clinical applications. 

MNPs introduce the possibility to selectively target small tissue components such as cells, proteins, or 

genes. In addition, cell therapies will also hugely benefit from labelling the cells with MNPs since it will 

allow monitoring the cellular distribution, localisation, and expansion post-administration. Previous 

studies have already proven that is possible to trap labelled cells into a specific site, opening the door 

for clinical applications that need to retain the stem cells at the injury site (204,205). Moreover, it has 

been demonstrated that administrated stem cells could be recovered from the tissues using magnetic 

separation columns, allowing for a thorough analysis of the treatment (206). One of the major 
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concerns on the use of MNPs has been the effect they exert on the stem cells following labelling. 

However, a combination of studies have reported that MNPs do not show a cytotoxic effect on stem 

cells and neither influence their proliferation and differentiation potential (207,208). 

Among the variety of applications, the possibility of targeting a specific cell or tissue is being studied. 

MNPs introduce the possibility of directing the particles to specifically reach targets at a molecular 

level by making use of their magnetic properties. However, with the need for an external magnetic 

field, these applications are limited to tissues close to the body surface in order to be effective (209).  

1.6.3 MNPs and Mechanotransduction: Applications in orthopaedics 

Regenerative medicine has provided promising therapies for OA despite the lack of long-term results 

yet to be available. Nevertheless, the current approaches still have the need to overcome certain 

difficulties, one major concern being the lack of techniques for in vivo assessment. Procedures such 

as ACI, could benefit from the possibility of tracking the stem cell location post-transplantation and 

being able to track the number of viable cells or the repair rate of the injury site. For researchers, this 

often translates into the need to terminate the experiment for histological processing, being 

incompatible with a long-term follow up (202). Initial studies for orthopaedic applications have 

focused on improving current OA approaches by labelling MSCs with SPIONs aiming to retain the cells 

at the defect site. Kobayashi et al. labelled MSCs with ferumoxides particles and delivered the cells 

through an injection directly into an osteochondral defect. By placing ex vivo the joint next to an 

external magnetic device they observed accumulation of the labelled MSCs on the injury site, in 

contrast to the control without magnetic force (210). The same group also demonstrated following 

the same procedure, that cartilage could be regenerated in vitro. Human cartilage fragments from 

osteoarthritic patients were cultured in special flasks with chondrogenic differentiation media 

containing labelled MSCs. They were able to observe that under the influence of an external magnetic 
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force a cell layer was formed within the cartilage tissue. This layer showed to have native cartilage 

histological markers suggesting chondrogenic events taking place (211). 

Several studies have confirmed that labelling MSCs with MNPs does not affect the ability of the cells 

to drive chondrogenesis or other types of differentiation processes (207,210). Despite the great 

advantages that the unspecific labelling of MSCs with SPIONs bring to current orthopaedic applications 

for cell retention and in vivo imaging, novel studies are now addressing the possibility of delivering 

specific external stimuli to the cells by improving the labelling techniques and taking advantage of the 

mechano-transductive potential of cells. These innovative approaches overcome some of the current 

problems for clinical translation, such as the incapacity of differentiating cells with chondrogenic 

media when delivered in vivo. 

As previously documented, cells sense external stimuli through membrane alterations that lead to 

cytoskeletal rearrangement processes with the following signal transduction and gene expression 

events. Novel studies have addressed the possibility of delivering stimuli selectively to specific cells by 

targeting MNPs towards key elements on the cell membrane. The application of an external magnetic 

field with the following alignment of the MNPs can induce membrane alterations, leading to 

cytoskeletal rearrangements and transmembrane changes in ion influx (212). In addition, mechanical 

deformation can induce activation of mechano-sensitive ion channels through several mechanisms. 

One of the major issues encountered for cell labelling for specific purposes is the optimal delivery of 

MNPs to the cells. The nature of the MNP coating defines the type of interaction given with the cells. 

FDA approved nanoparticles such as Feridex® , now taken off the market, are coated with molecules 

such as dextran, a negatively charged coating that confers the particles a hydrophilic character 

allowing for the prevention of MNP aggregation (213). Nevertheless, the negative nature of the 

coating hinders the delivery of the MNPs to the cells due to the negative nature of the cell membrane. 

To overcome this challenge, transfection reagents are often used although the protocol needs to be 
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carefully adjusted for each condition due to the toxicity of these agents (205). Other approaches such 

as the use of polycationic reagents or magnetofection are currently being used, however, issues such 

as the complexity of the method or particle aggregation should also be considered. A method with 

increasing popularity aims to coat the particles with antibodies targeting specific elements on the cell 

membrane. This approach allows for target-specific binding and opens the possibility to deliver 

stimulus directly to nano scaled-structures.  

Two magnetic approaches have been studied to deliver stress to the cells (Figure 1-12); the first 

technique is based on using magnetic drag to translate the force and the second approach physically 

deforms the cell membrane by twisting the MNPs attached. Both techniques are based on the 

dragging effect of the attached MNPs in response to a high gradient magnetic field (212). For this 

principle to successfully work, the attachment of the MNP to the cell should be firm, and the external 

magnetic forced exerted strong enough to deform the cell membrane, but without disrupting the 

membrane. Wang et al. initially developed this approach termed as magnetic twisting cytometry 

(MTC). They studied the effect on single cells of exerting a torque in MNP bound to cell membrane 

ligands by using nanoparticles with the ability to retain magnetisation following elimination of the 

external magnetic field. By applying two magnetic pulses in different directions, they were able to 

exert a twist in the particles that punctually deformed the cell membrane (114,214). Initial studies 

performed on a cell population rather than individual were performed on a population of osteoblasts 

by targeting the integrins of cells, a well-described mechano-responsive element. MNPs were coated 

with RGD peptides, that have affinity for the integrin receptor, and an external time-varying magnetic 

field was applied for 21 days. The mechanical activation of the cells led to an increase of mineralized 

bone matrix production (120). Despite the promising outcomes observed by the activation of integrin 

receptors, the events following activation might lead also to undesired effects, given the wide role 

that these molecules have on the intracellular signalling. Voltage-gated ion channels present in tissues 

such as bone cells or chondrocytes, has been previously reported to activate favourable routes for 
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bone engineering. Membrane stretching events have been described to activate the channel thus, 

directly targeting these channels with the MNPs technology has been studied for bone tissue 

engineering applications (215). Moreover, stem cells also require mechanical cues for differentiation 

hence, researchers have gathered their efforts designing an approach for bone and cartilage 

engineering including the use of MNPs, stem cells and bioreactors. 

              

Figure 1-12. Different methods for MNP actuation on cell mechanotransduction. (B = magnetic field 

vector). (A) Magnetic twisting cytometry-based applications use MNPs of bigger sizes capable of 

retaining remanent magnetisation attached to membrane receptors such as integrins. Following a 

series of magnetic pulses, the torque exerted over the MNP deforms the membrane and the effect is 

transmitted via the integrin receptors bound to actin filaments linked to the cytoskeleton. (B) Larger 

MNPs are attached to integrins located near to ion channel. Following application of a magnetic field, 

the MNPs attracted to the field exert a pulling effect on the membrane activating the gating of the 

adjacent channels. (C) Superparamagnetic nanoparticles are directly attached to mechano-sensitive 

ion channels on the cell membrane, that following a magnetic pulse are forced open with the following 

exchange of ions. (D) Particles on the nanoscale range are bound to a complex of receptors. When a 

magnetic field is applied with a needle, the particles attracted to the field induce the receptor 

clustering and activation of downstream signalling  (216). 
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The next step that followed this new concept was the design of a magnetic force bioreactor that could 

deliver an alternating external magnetic field, mimicking the mechanical activity that cells are 

subjected to under physiological conditions. Dobson et al. presented a model for a magnetic force 

bioreactor (MFB) capable of delivering forces in the scale of pico-newtons, sufficient enough to induce 

membrane deformation caused by the pulling effect of the MNPs attracted to an alternating magnetic 

field (216). The dragging or torque effect induced in the MNPs attached to elements of the cell 

membrane is directly transmitted to the actin cytoskeleton inducing the activation of secondary 

messengers. The magnetic stresses were designed to be applied with a frequency of 1-3 Hz, known to 

be optimal to mimic physiological stresses (217). The MFB allows for stimulation of cells seeded either 

in a 2D surface or onto a scaffold in an isolated sterile environment (209). In addition, this novel 

approach to bioreactor design eliminates some of the previously observed complications such as the 

inability of some bioreactors to successfully deliver a force to the scaffold that is equally translated to 

the cells, or the inability to preserve the construct constantly in a sterile environment. This system 

allows for a direct delivery of the force to the cell membrane, allowing for a close control of the 

mechanical stimuli. 

Following the study of the response of a mechano-responsive ion channel, TREK-1, in osteoblasts and 

its contribution to bone proliferation (212), MNP-mediated activation of an ion channel embedded in 

the cell membrane was firstly attempted. By attaching MNPs to TREK-1 and following the application 

of a magnetic field they observed, through single cell electrophysiology, the activation of the channel 

activity for some of the cells (132). This novel concept is now known as magnetic ion channel activation 

(MICA) and has been further studied for tissue engineering applications (Figure 1-13) (Table 1-1). 

Kanczler et al. used this technology to activate TREK-1 in bone marrow MSCs implanted in mice, by 

activating the particles with the MFB previously described. After 21 day of magnetic stimulation 

observations seen induced enhanced matrix production and increased proteoglycan and collagen 

expression, suggesting a potential application of this technology for bone and cartilage differentiation 
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guidance of MSCs (133). Other receptors haven been targeted by the MICA technology to induce 

osteogenic differentiation of MSCs with promising results for clinical applications (218). 

                   

Figure 1-13. Schematic representation of the magnetic ion channel activation (MICA) principle. (A) 

Superparamagnetic nanoparticles coated with a biocompatible polymer and the specific antibodies, 

(B) are attached to the mechanotransductive domain of mechano-sensitive ion channels located in 

the cell membrane. Cells are placed inside the magnetic force bioreactor that applies an alternating 

magnetic field to the cells. Under the influence of the magnetic field, the MNPs magnetic moments 

align in the direction of the field, exerting a force directly onto the channel that activates the gating 

mechanism. The channel activation leads to a current of ions through the channel that translates into 

activation of secondary messengers and downstream signalling events (219). 

 

Table 1-1. Studies based on MICA technology and their application. 

TE Application Membrane Target Year Study 

Bone & Vascular endothelium PDGFR 2013 (218) 

Bone TREK-1 and RGD 2014 (220) 

Bone & Cartilage Wnt Frizzled Receptor 2015 (221) 

Bone TREK-1 2018 (222) 

Bone Wnt Frizzled Receptor 2018 (223) 

Bone TREK-1 2018 (224) 

Tendon Activin Receptor 2018 (225) 
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In an attempt to move one step closer to clinical translation, an ex vivo chick foetal femur model was 

designed to study the remote activation of MSCs for bone regeneration. 14 days after injection of pre-

labelled MSCs on a defect site and remote activation of TREK-1, they observed increased generalised 

mineralisation and a raise in alkaline phosphatase activity (220). MICA technology was firstly studied 

on a pre-clinical ovine model for bone tissue regeneration by Markides et al. where the in vitro role of 

the MFB was replicated and adapted to enable the cell activation in vivo. After 13 weeks, determined 

by micro-CT, MICA treated defects showed improved repair in the defect site when compared to the 

control limb from the same animal. Enhanced expression of bone markers was also found in the 

experimental groups and a recruitment of endogenous cells associated to bone remodelling was 

achieved (222). The promising results achieved by this study lead a great promise for a future 

development of an injectable therapy using the MICA technology for bone and cartilage clinical repair.  

1.7 Concept approach and hypothesis 

Current strategies for OA repair have shown promising results and continue to be studied and 

improved to address the clinical demands. Nevertheless, these approaches find common limitations 

hindering the optimal tissue repair and the ability to successfully track the treatment outcome. Often, 

the regenerated tissue has been observed to fail to fulfil the mechanical needs of the native tissue for 

developing a normal function. In addition, cell therapies have encountered difficulties retaining the 

implanted cells in the defect size, reducing the effectiveness of the treatment while also raising 

concerns on the possible activation of the immune system. Moreover, a follow-up on the treatment 

is restricted to MRI imaging of the tissue and invasive tissue biopsies. 

The work described in this thesis gathers the bases for the development on an injectable stem cell 

therapy by applying the principles of the MICA technology. Based on previous research on the topic 

for bone tissue engineering strategies, this work proposes to apply the same principles for cartilage 

repair. TRPV4 has been widely demonstrated to be a mechano-inducible receptor closely related to 
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cartilage development. By targeting TRPV4 mechano-sensitive responsive domain in MSCs with MNPs 

and following activation using the MFB, the activation of the channel should trigger specific signalling 

pathways that will lead to chondrogenic gene transduction with increased production of cartilage-

specific markers such as aggrecan, collagen II and Sox9. This approach could then potentially be 

translated for clinical applications into an injectable therapy of stem cells labelled with MNPs. The 

simplicity of this technique could reduce the invasiveness of current procedures by activating the 

chondrogenic response with an external magnet adapted to deliver the magnetic field externally 

through a bandage over the human knee. This work has been conducted using stem cells from 

different species and sources to support translation of the therapy through large animal pre-clinical 

trials into human. In addition, different sources of stem cells have been studied to assess the one with 

the highest chondrogenic potential for clinical translation. 

In order to firstly study the suitability of the MNPs used during this work, Chapter 3 gathers the 

experiments concerning the magnetic properties of the MNPs and the efficiency of labelling process, 

the cell viability when cultured with MNPs, and the MNP ability to translate the external stimuli into 

the cells for driving chondrogenic differentiation via histological and gene expression analysis. Once 

the potential of the TRPV4- MNPs for driving chondrogenic differentiation was successfully assessed, 

equine MSCs were studied in Chapter 4, with the aim of analysing the best mechano-responsive target 

for driving chondrogenesis. This was done by measuring the collagen 2 production through a GFP-Col2 

reporter, together with histological and biochemical analysis of chondrogenic markers. In addition, 

oMSCs were also used to test the effect of the MICA technology and understanding the role of TGF- 

in chondrogenesis. Finally, Chapter 5 was focused on studying the effects of TRPV4 activation with 

MNPs in hUC-MSCs as a potential cell type candidate for translating the technology into a large animal 

model. This was assessed following histological, biochemical and gene expression findings in order to 

allow comparison with the work performed in previous chapters. 
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The conducted work hypothesised: 

1) Mechanical activation of TRPV4 delivered by magnetic actuation guides stem cell 

differentiation towards a chondrogenic lineage and aids chondrocytes to maintain the 

phenotype in 3D culture. 

2) Selective activation of the TRPV4 receptor in combination with chondrogenic cues improves 

the histological properties of the formed cartilage in pellet culture and enhances cartilage-

specific marker expression. 
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Chapter 2 

Materials and Methods 
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2.1 Materials 

Unless otherwise indicated materials were obtained from the manufacturer or their distributor within 

the United Kingdom. 

Table 2-1. List of reagents, catalogue number and suppliers. 

 Catalogue number Supplier 

1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDAC) 

E2247 Life Technologies 

2-Mercaptoethanol M6250 Sigma-Aldrich 

2-Methylbutane 78-78-4 Sigma-Aldrich 

2-Propanol I9516 Sigma-Aldrich 

3,3’-Diaminobenzidine (DAB)  D8001  Sigma-Aldrich 

3-aminopropyltriethoxysilane (APES) A3648 Sigma-Aldrich 

ABC Staining Kit Rabbit specific Ab64261 Abcam 

ACAN antibody Orb213537 Biorbyt 

Acetic acid glacial, 99% A/0360/PB17 Fisher Scientific 

Acetone A/0560/17  Fisher Scientific 

Agarose BP1356-500  Fisher Scientific 

Alcian Blue 8GX A3157 Sigma-Aldrich 

Ammonium acetate (5M) AM9070G Invitrogen 

Anti-Aggrecan antibody Ab140707 Abcam 

Anti-Collagen II antibody Ab34712 Abcam 

Anti-Dextran Antibody, Clone DX1 60026FI Stemcell Technologies 

Anti-KCNK2 (TREK-1) antibody APC-047 Alomone Labs 

Anti-Ki67 antibody Ab15580 Abcam 

Anti-SOX9 antibody [3C10]  Ab76997 Abcam 
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Anti-TRPV4 antibody OSR00136W ThermoFisher 

Arg-Gly-Asp A8052 Sigma-Aldrich 

Bovine Serum Albumin (BSA) 9998S Cell Signalling Technology 

Calcium chloride 793639  Sigma-Aldrich 

Cell TrackerTM CM-Dil Dye C7000 ThermoFisher 

Chicken anti-Goat IgG H&L (Alexa FluorTM 647) A21469 Thermo Fisher 

Chondroitin Sulphate sodium salt C4384 Sigma-Aldrich 

CO1A2 antibody Orb27313 Biorbyt 

Collagenase from Clostridium Histolyticum C6885 Sigma-Aldrich 

Collagen X antibody Orb114057 Biorbyt 

DAPI D9542 Sigma-Aldrich 

Dexamethasone D4902 Sigma-Aldrich 

Dimethyl methylene blue (DMMB)  341088  Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) D5879  Sigma-Aldrich 

DMEM/F-12, HEPES 31330-038 Gibco 

DNA AWAYTM 10223471 Thermo Fisher 

DNA Oligos Customised Equine Primers:   Acan 
                                                                      Col2a1 

                                                                      S18 
                                                                      Sox9 

4157405 Thermo Fisher 

Donkey anti-Goat IgG H&L (Alexa Fluor® 488) A11058 Thermo Fisher 

DOTAP Liposomal Transfection Reagent 11202375 Roche 

DPX Mountant for Histology 06522 Sigma-Aldrich 

Dulbecco’s Modified Eagle’s Medium (DMEM) 10-013-CVR Corning 

Dulbecco’s phosphate buffered saline without 
calcium and magnesium (DPBS) 

14190094 Gibco 

EDTA (0.5M), pH 8.0 AM9260G Invitrogen 
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Eosin Y solution HT110216 Sigma-Aldrich 

Ethanol (absolute) E0650/17 Fisher Scientific 

Ethidium bromide E1510  Sigma-Aldrich 

Fast Green FCF F7252 Sigma-Aldrich 

Foetal Bovine Serum (FBS) 
FBS-70831-
EPS117650 

LabTech 

Fibronectin human plasma F0895 Sigma-Aldrich 

FluoromountTM Aqueous Mounting Medium F4680 Sigma-Aldrich 

FM1-43 FX F35355 Life Technologies 

Formol 4%, buffered 11699404 QPath Labs 

Gel loading buffer G2526 Sigma-Aldrich 

GeneRuler 100bp DNA Ladder SM0321 Thermo Fisher 

Glycine 50046  Sigma-Aldrich 

Goat anti-Mouse IgG Fc  Ab97261 Abcam 

Goat anti-Mouse IgG H&L (Alexa Fluor® 647) A21236 Invitrogen 

Goat anti-Rabbit IgG Fc Ab97197 Abcam 

Goat anti-Rabbit IgG FITC  10006588  Bertin Bioreagent  

Goat anti-Rabbit IgG H&L (Alexa Fluor® Plus 
647) 

A32733 Invitrogen 

GSK1016790A G0798 Sigma-Aldrich 

GSK2193874 SML0942 Sigma-Aldrich 

Guanidine Hydrochloride G3272 Sigma-Aldrich 

Hematoxylin Solution, Harris Modified HH16 Sigma-Aldrich 

High Capacity cDNA Reverse Transcription Kit 4368814  Fisher Scientific 

Histo-Clear HS2001GLL National Diagnostics 

Histoplast Paraffin 6774060 Thermo Fisher 
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Hydrochloric Acid (5M) 10605882 Fisher Scientific 

Hydrogen peroxide BPE2633-500  Fisher Scientific 

IMS M/4400/17 Fisher Scientific 

Insulin-Transferrin- Selenium-Sodium 
Pyruvate (ITS) (100X) 

I3146 Sigma-Aldrich 

L-Ascorbic Acid A4544 Sigma-Aldrich 

L-Glutamine (200mM) 25030-081 Gibco 

L-Proline 81709 Sigma-Aldrich 

Live/DeadTM Fixable Blue Dead Cell Stain Kit L34962 Invitrogen 

Linolenic Acid water-soluble L5900 Sigma-Aldrich 

Magnesium sulphate M5921 Sigma-Aldrich 

MEM Non-Essential Amino Acid Solution 
(100X) 

M7145 Sigma-Aldrich 

MES  M3671 Sigma-Aldrich 

Methanol M/3900/17  Fisher Scientific 

Molecular Water W4502 Sigma-Aldrich 

Nanomag®-D 250 nm COOH 09-02-252 Micromod 

N-Hydroxysuccinimide (NHS) 130672 Sigma 

PCNA antibody MCA1558 Biorad 

Penicillin-Streptomycin (5000 U/mL) 15070-063 Gibco 

Phalloidin CF(R)488A BT00042-T Cambridge Bioscience 

PicroGreenTM ds Assay Kit (Quant-ITTM) P7589 Invitrogen 

Picric Acid P6744  Sigma-Aldrich 

PierceTM BCA Protein Assay Kit 23225 Thermo Fisher 

Poly(ethylene glycol) diacrylate 475629 Sigma-Aldrich 

Potassium ferrocyanide P3289 Sigma-Aldrich 
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Presto BlueTM Cell Viability Reagent A13261 Invitrogen 

ProFreezeTM CDM Nao (2X) BEBP12-769 Lonza 

Proteinase K 25530015 Sigma-Aldrich 

QuantiTect Primer Assays:                          ACAN 
                                                BTG2 

                                                COL2A1 
                                                COL10A1 

                                                GAPDH 
                                                JUN  

                                                MAFF 
                                                 NFATC2 
                                                 RCAN1 

                                                 SOX9 
                                                 SPP1                                       

QT00001365  
QT00240247  
QT00049518  
QT00096348  
QT00079247  
QT00242956 
QT00094507 
QT00053599 
QT00029428 
QT00001498  
QT01008798 

 
 
 
 
 
Qiagen 

Ready-To-GlowTM Secreted Luciferase 
Reporter Assay 

631726 Takara Bio 

Recombinant human TGF-1 100-21 Preprotech 

Recombinant human TGF-3 100-36E Preprotech 

RNeasy Mini Kit 74106 Qiagen 

RT2 qPCR Primer Assay for Horse Sox9 PPE00130A-200 Qiagen 

Safranin-O S2255 Sigma-Aldrich 

Sirius Red/ Direct red 80 365548  Sigma-Aldrich 

Sodium bicarbonate S5761 Sigma-Aldrich 

Sodium chloride S7653 Sigma-Aldrich 

Sodium hydroxide S8045 Honeywell 

Sodium Pyruvate Solution S8636 Sigma-Aldrich 

SYBR® Green PCR Master Mix  4309155  Fisher Scientific 

Toluidine Blue T3260 Sigma-Aldrich 

TRI Reagent 93289 Sigma-Aldrich 

Tris-Acetate-EDTA (TAE) buffer (50X) (2 M Tris 
Acetate, 100 mM Na2EDTA)  

EC-872  National Diagnostics  

TritonTM X-100  T8787  Sigma-Aldrich 
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Trypan Blue Solution T8154 Sigma-Aldrich 

Trypsin-EDTA (0.5%) 15400-054 Gibco 

Tween® 20  P1379  Sigma-Aldrich 

Xylene X/0250/17  Fisher Scientific 

 

 

Table 2-2. List of equipment and suppliers/ manufacturers. 

AriaMx Tube Strips 8  401493 Agilent Technologies 

Counting slides 145-0011 BioRad 

Mx3000P Optical Strip Caps 8  401425 Agilent Technologies 

Polypropylene pestle  Z359947-100EA Sigma-Aldrich 

Thin-walled 0.5 mL PCR tube 
(Ambion)  

AM12275 Fisher Scientific 

Superfrost glass microscope 
slides  

10150061 Fisher Scientific 

 

2.2 General cell culture techniques 

To maintain sterility, all cell culture procedures were performed in a class II microbiological safety 

cabinet and disposable plastic consumables were employed. All cells and pellets were cultured in 

humidified, tri-gas controlled incubators with 21% oxygen, 5% carbon dioxide and 93% nitrogen. 

Pellets were cultured for all experiment in 1.5 mL sterile microcentrifuge tubes. 

2.2.1 Coating tissue culture plastic with fibronectin 

Prior to seeding the isolated human mesenchymal stem cells from a bone marrow aspirate, it was 

necessary to coat the tissue culture flasks with 10 ng/mL of fibronectin diluted in DPBS, in an amount 

sufficient to cover the bottom surface of the flask. Flasks where then incubated at room temperature 

for 1 hour. After coating, the fibronectin solution was removed and discarded. 
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2.2.2 Resuscitation and seeding of frozen cells 

Frozen cryovials of transfected adipose-derived equine MSCs (dTomato and GFP-Col2) and (CMV-

Luciferase and Col2-Luciferase) were cultured immediately upon arrival for expansion purposes. Ovine 

MSCs previously obtained by Dr. Hareklea Markides were stored in liquid nitrogen. Following removal 

from the liquid nitrogen dewar, frozen vials were transported in dry ice. Upon arrival to the laboratory, 

the frozen vials were left at room temperature until 90% of the content was defrosted. The cryovials 

were then sprayed for disinfection with 70% industrial methylated spirits (IMS) and transferred into a 

class II microbiological safety cabinet. The content of the cryovial was then transferred to a T75 cm2 

sterile flask containing 15 mL of basal expansion medium (DMEM 4.5 g/L glucose supplemented with 

10% foetal bovine serum (FBS), 1% L-Glutamine and 1% Penicillin/Streptomycin solution). Flasks 

where then stored in an incubator and media was changed every 2-3 days. 

2.2.3 Passaging cells 

Cells were cultured until reached 80% confluence. When reached a confluent state, media from the 

flasks was discarded and DBPS was added to the flasks to eliminate any media residues. To cleavage 

the union of the cells to the tissue culture plastic (TCP), 1:10 Trypsin-EDTA (0.5%) solution diluted in 

DPBS was added to the flasks and incubated at 37 °C for 5 minutes or until detachment of the cells. 

An equivalent volume of culture media containing 10% FBS was added to the flasks to quench the 

trypsin effect. Following re-suspension, the content of the flask was transferred into a 50 cm3 sterile 

centrifuge tube. The cell suspension was then centrifuged for 5 minutes at 1200 r.p.m. The 

supernatant was then discarded, and the remaining pellet was re-suspended and consistently mixed 

in the desired volume of media prior to seeding in flasks. The number of cells seeded, and size of flask 

selected according to the purpose of the specific experiment. 
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2.2.4 Cryopreservation of cells 

For long term storage, cells were detached from TCP following the above mentioned method and 

following centrifugation, the cell pellet was re-suspended in 10 mL of basal medium (supplemented 

with 50% Profreeze with 15% DMSO) and transferred into cryovials (1.5 mL of the cell solution per 

vial), containing approximately 2x106 to 3x106 cells, depending on the cell type. Cryovials were then 

placed in a 2-propanol-filled Mr. Frosty freezing container and stored in a -80°C freezer before 

transferring the vials to the liquid nitrogen dewar. 

2.2.5 Manual cell counting 

Following detachment of cells as described in 2.2.3, the cell suspension was homogeneously re-

suspended in the desired media. If viability was to be assessed, a small volume of the cell suspension 

was separated and mixed 1:1 with trypan blue. The Neubauer haemocytometer was previously 

prepared by exhaling on the surface and placing a haemocytometer coverslip by gently pressing to 

cover the chamber. 10 L of the cell solution was then introduced by capillary action underneath the 

coverslip. Cells were then counted under the microscope. A mean count was performed from the 4 

1mm2 corner regions to give the number of cells per 0.1 L. To determine the total number of cells, 

the mean was multiplied by 1x104 and the total mL of suspension media containing the cells. If trypan 

blue was used, this was also taken into account when calculating the amount of cells. 

2.2.6 Automated cell counting 

The BioRad TC20TM automated cell counter uses the imaged acquired from the best focal plane to 

identify the cells and exclude the debris. To count cells, the cell pellet generated after centrifugation 

was diluted in media. A small amount of the cell suspension was separated and mixed in a 1:1 

proportion with trypan blue. From the mixture, 10 L were inserted into the slide chamber that was 

then placed in the automated cell counter. The cell counter performs accurate readings within the 
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5x104 and 1x107 cells/mL range and for cells within the 6-50 m diameter range. It automatically 

accounts for the trypan blue dilution giving a reading of cell/mL. 

2.3 Isolation and culture of cells 
 

2.3.1 Isolation and culture of bone marrow mesenchymal stem cells from bone 

marrow aspirate 

Human MSCs were isolated from a bone marrow (BM) aspirate commercially obtained from Lonza 

USA from 3 different donors (21-year-old male, 19-year-old female and 21-year-old female). Each 

aspirate (containing 19.6 x106, 16.3 x106 and 15.6 x106 cells) was then seeded in 30 T75 culture flasks 

coated with fibronectin as described in section 2.2.1, at the mononuclear density of 1.5 x103 cells/cm2, 

in 15 mL of isolation media (DMEM 4,5 g/L of glucose supplemented with 5% FBS, 1% L-Glutamine, 1% 

Penicillin/Streptomycin). Cells were cultured in the isolation media for a week. Following 7 days, 50% 

media change was performed with isolation media and after 14 days a complete media change to 

proliferation media (10% FBS) was done, removing the majority of the non-adherent cells. After 21 

days, adherent cells were cryopreserved using cryopreservation media (90% DMSO, 10% FBS) at an 

approximate density of 5x105 cells/mL or expanded until passage 3 for specific purposes. 

2.3.2 Isolation and culture of ovine chondrocytes from lamb knee 

Chondrocytes were isolated from ovine articular knee cartilage (Staffordshire Meat Packers, Stoke-

on-Trent, UK), two hours post slaughtering. The isolation method used was a modification from 

Hayman et al. (226). The cartilage tissue was gently removed from the upper condyles of the knee in 

small sections, and then rinsed 3 times in a DPBS solution supplemented with 2% Penicillin/ 

Streptomycin. The ECM was digested overnight in an incubator at 37°C, in isolation media consisting 

of DMEM HAMS F12, 2% Penicillin-Streptomycin, 1 mg/mL clostridial collagenase and 50 g/mL 

sterilised ascorbate. The solution containing the tissue was under constant agitation using a magnetic 
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stirrer for improved digestion. On the following day, the digested cartilage solution was filtered and 

washed with media through 100 m cell strainers to eliminate the debris. The remaining supernatant 

was centrifuged at 600 g for 10 minutes. Cells where then counted with trypan blue for viability 

assessment and seeded at a density of 2x104 cells/cm2 with basal expansion media consisting of 

DMEM 4,5 g/L of glucose (supplemented with 10% FBS, 1% L-Glutamine and 1% Penicillin-

Streptomycin). Chondrocytes where then incubated and expanded up to a maximum of passage 3 for 

de-differentiation purposes. Some of the chondrocytes were cryopreserved at passage 0 for future 

experiments. 

2.3.3 Lentiviral transfection and culture of adipose-derived equine 

mesenchymal stem cells 

Equine adipose-derived transfected MSCs (eMSCs) were provided in separated occasions by Dr. Glyn 

D. Palmer (University of Florida). The collagen II-GFP reporter cells were designed by cloning the cDNA 

of dTomato into multiple cloning sites of the lentiviral expression system, generating a pc-DH-CMV-

tom / EF-1-GFP plasmid. For generating a dual expression cassette. The EF-1-GFP cassette was 

replaced by a Col2-GFP expression cassette, generating a dual lentiviral expression plasmid. The 

luciferase expressing-cell line was generated following the same procedure for dual expression. The 

lentiviral expression system was used for the generation of independent expression cassettes under 

the divided regulation of chondrogenic (Col2) and constitutive (CMV) promoters. The Metridia 

luciferase cDNA was copied into the plasmid generating the pd-DH-CMV-mLuc / EF1-GFP construct 

(227). 

 Cells cultured for expansion purposes with basal media (DMEM 4,5 g/L of glucose supplemented with 

10% FBS, 1% L-Glutamine and 1% Penicillin-Streptomycin). Cells were normally seeded at a density of 

2x104 cells/cm2 and expanded until reaching 80 % confluence. Equine MSCs cell line nature allowed 

for multiple division and higher passage number. 
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2.3.4 Isolation and culture of ovine MSCs 

Ovine MSCs (oMSCs) were isolated and provided by Dr. Hareklea Markides. Cells were isolated from 

female English Mule sheep (2 – 4 years). The isolation was conducted in accordance to the UK Home 

Office Regulations and protocols approved by the University of Nottingham Animal Welfare and 

Ethical Review Body. Sheep were delivered fentanyl patches (Durogesic® Janssen-Cilag) 12-24 hours 

before the surgery for analgesic purposes. The wool was sheared from the desired areas prior to 

disinfection of the surgical area with chlorhexidine and isopropyl alcohol. Animals were then injected 

intra-muscularly with 2% xylazine (0.1 mg /kg body weight) followed by intravenous administration 

of Ketamine (2mg/kg body weight) and Midazolam (0.25-0.3 mg/kg body weight) and oxygen was 

supplied during the surgery. The bone marrow was aspirated from the sternum bone and 

transferred into 50 mL centrifuge tubes containing media. Cells were then isolated from the bone 

marrow aspirate by initial filtration with a cell strainer followed by centrifugation in serum free 

media of the filtrated solution at 220 g for 30 minutes. The supernatant was then discarded 

followed by addition of 3 mL of red blood cells lysing buffer. The lysis of the red cells was aid by 

addition of ice-cold DPBS followed by centrifugation at 220 g for 30 minutes or until visually 

observation of the white cells fraction pellet. Next the supernatant was removed followed by 

addition of 3 mL of sterile blocking buffer for pellet resuspension. Cells were seeded in T25 cell 

culture flasks containing expansion media with 20% FBS. Following expansion some cells were 

frozen for future use. The cells used for this experiment were unthawed and cultured on basal 

media (DMEM 4,5 g/L of glucose supplemented with 10% FBS, 1% L-Glutamine and 1% Penicillin-

Streptomycin). Cells were normally seeded at a density of 2x104 cells/cm2 and expanded until reaching 

80 % confluence. 
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2.3.5 Culture of human umbilical cord-derived mesenchymal stem cells 

Human umbilical cord-derived mesenchymal stem cells from three different donors were kindly 

supplied by Dr. Claire Mennan (RJAH Orthopaedic Hospital) obtained under the REC ID number 

10/H1013/62. Following isolation of the cells from the cord, they were cultured in TCP and at passage 

1 they were expanded with the Quantum® bioreactor for one passage before testing the CD profile of 

the cells (228), and being frozen. Prior to collection cells were resuscitated, and expanded in TCP at 

passage 3 at a density of 4.8 x103 cells/cm2. Cells were collected and transported in tissue culture 

flasks maintaining a warm temperature during the transportation time. Upon arrival cells were 

examined under the microscope to evaluate viability and stored in the incubator at 37°C (Figure 2-1). 

On the following day, a complete media change was performed using DMEM/F12 (1:1) supplemented 

with 10% FBS and 1% Penicillin-Streptomycin. Cells were then expanded until passage 4-5 yielding 

approximately a total of 30 million of cells for the specific experimental purposes. Some early passages 

of the cells were cryopreserved for further experiments. Three experiment replicates were performed 

using single donors, and a fourth experiment was done combining the cells from all 3 donors. 

 

 

 

 

 

 

 

Passage 3 Passage 0 Passage 2 Passage 1-2 

Figure 2-1. Schematic diagram of the expansion process of the umbilical cord-derived stem cells. 

Cells were dissected and digested from fresh umbilical cord tissue and seeded for expansion. 

Following the first passage, 5 million cells were injected in the cell Quantum® bioreactor. 

Approximately 200 million cells were harvested and seeded as passage 2 for further expansion. A 

further passage was made before transportation where 5 million cells were distributed across 6 T175 

culture flasks. 
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2.3.6 Monolayers and micromasses formation and culture 

For the formation of monolayers, cells were trypsinised following the usual procedure, re-suspended 

in the desired media, and counted. After counting, cells were seeded at a density of 5x103 per well in 

variable sizes of well-plates according to the specific experiment requirements. Equine MSCs were 

used for micromass setting.  After cell counting, 5x104 cells were diluted in 50 L of the desired media 

and carefully seeded as a droplet in the middle of the well and kept overnight in the incubator. On the 

following day, the wells were topped-up with the relevant media and stored in the incubator. Samples 

identified as day 0 were left in the incubator overnight for optimal attachment of the cells prior to 

digestion or fixation of the samples for further analysis. Media changes were performed twice a week 

with special attention to the micromasses that had a tendency to de-attach due to overgrowth from 

day 10 of culture. The study of the chondrogenic differentiation of the equine MSC micromasses was 

performed by fluorescent imaging of the Col2-GFP reporter promoter activation. d-Tomato 

constitutive reporter was used as an indicative of the transfection rate. Cells were monitored firstly 

using the Nikon Eclipse Ti-S inverted microscope and then the automated CytationTM 5 microscope. 

2.3.7 Pellet formation and culture 

Following detachment of the cells from tissue culture plastic, and resuspension in media, cells were 

counted in order to form a homogeneous set of pellets containing each the same cell number. Cells 

were then diluted in a proportion of 2x105cells/mL for human MSCs and human UC-MSCs and 4x105 

cells per mL for ovine MSCs, ovine chondrocytes and equine MSCs. While continuously mixing, 1 mL 

of the suspension containing the cells was added per each 1.5 mL microcentrifuge tube and quickly 

centrifuged at 500 g for 5 minutes. Following formation of the pellet, the microcentrifuge tubes were 

carefully transferred into the incubator at 37 °C. Samples corresponding to day 0 time points were left 

24 hours in the incubator to allow the formation of the cell pellet. On the next day, the specific method 

for preservation was used, or the digestion solution was supplied to the samples. Three media changes 
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were performed weekly, being two of them complete and half a media change for the remaining one, 

with the purpose of allowing endogenous produced molecules to act on the cells. 

2.4 Chondrogenic differentiation induction media 

The chondrogenic potential of the protocols selected for this study were previously assessed for 

equine MSCs, ovine MSCs and human MSCs during my master project.  The selection was made based 

on the culture of the mentioned cell types with 3 different differentiation protocols, and the 

evaluation of the viability of the cells and chondrogenic differentiation under the different protocols. 

This was assessed by presto blue, histological and gene expression analysis. Except for hUC-MSCs, 

DMEM 4.5 g/L of glucose was used. For hUC-MSCs DMEM F12 was used for both expansion and 

differentiation as stated by the followed protocol. The differentiation protocol was a modification 

from Mennan et al. following protocol development (228) (Table 2-3).  For specific experimental 

groups, TGF- was eliminated from the differentiation mixture for some of the samples. This will be 

indicated for each specific case. Two complete and one half a media change were performed on a 

weekly basis 

Table 2-3. Supplements for chondrogenic induction media for each cell type. 

Supplements oMSC and eMSC 
(229) 

hMSC (230) hUC-MSC (228) 

L-Glutamine 1% v/v 1% v/v 1% v/v 

Penicillin/Streptomycin 1% v/v 1% v/v 1% v/v 

FBS 10% v/v 1% v/v 1% v/v or 10% v/v 

ITS 1% v/v 1% v/v 1% v/v 

Ascorbic acid 50 g/mL  50 M 0.1 nM 

Dexamethasone 0.1 M 0.1 M 10 nM 

TGF- 10 ng/mL 10 ng/mL 10 ng/mL 

NEEA 1% v/v - - 

Sodium Pyruvate - 1% v/v 1% v/v 

L-Proline - 40 g/mL - 

Linolenic Acid - - 20 M 
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2.4.1 Biochemical activation of TRPV4  

With the aim of setting a positive control, the well-characterised TRPV4 agonist (231), GSK1016790A, 

was supplemented to the media. The agonist was used when indicated, as a media supplement in a 

concentration of 10 nM (165). The chemical agonist was added to the media for every media change 

performed. 

2.5 Particle labelling 

2.5.1 Magnetic nanoparticle activation 

Magnetic nanoparticles of 250 nm composed of an iron oxide core, coated with dextran, and 

modified with COOH were firstly activated. The activation of the MNPs allows for the COOH groups 

to react with primary amines via de formation of the amide bond. This is performed in order to 

covalently attach peptides such as the antibodies. For this purpose, 20 L of a solution containing 

12 mg of EDAC, and 24 mg of NHS dissolved in sterile 0.5 MES buffer were added to a 100 L 

aliquot of the commercially available particles. The acidic pH of the buffer allows for the 

carbodiimide reaction to take place. The solution with the MNPs was then left to incubate for 

1 hour at room temperature in a rotator device to allow mixing, before washing the excess of 

chemicals twice with 100 L of 0.1 MES buffer in a permanent magnet.  

2.5.2 Magnetic nanoparticle coating with TRPV4, TREK-1 and RGD 

Following MNP carbodiimide reaction for activation, MNPs were re-suspended in 100 L of 0.1 MES 

buffer and 20 g of the secondary antibody was added for the TRPV4 and TREK-1 labelling protocols. 

The solution of the MNPs and the antibody was incubated for 3 hours at room temperature or 

overnight at 4 °C with continuous mixing.  Next, two washes with 0.1 MES buffer were done at a 

permanent magnet and particles were re-suspended in 100 L of MES buffer. The specific primary 

antibody was then added (TRPV4 or TREK-1) at a concentration of 10 g per mg of MNPs and incubated 
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for 3 hours at room temperature or overnight at 4 °C with continuous mixing. Following this step, 10 

L of 25 mM of glycine was added prior to 30-minute incubation at room temperature with continuous 

mixing. Lastly MNPs were washed with a 0.1% BSA solution at a permanent magnet and diluted to a 

final volume of 1 ml in the same solution. For RGD labelling, 25 g of the RGD peptide were added 

straight after the carbodiimide reaction and the labelling protocol continued as for the antibody 

labelling following the addition of the primary antibody. The activated MNPs were stored at 4 °C up 

to a maximum of 3 months’ post-activation. 

2.5.3 Magnetic nanoparticle labelling of monolayers 

TC-28 cells were labelled in monolayer for channel activation prior to RNA extraction. Human UC-MSCs 

were labelled in monolayer for transmission electron microscopy visualisation of the localisation of 

the MNPs following 1 hour and 48-hour post labelling. In addition, the different cell types were 

labelled in monolayer for histological characterisation. For labelling in monolayer, cells were counted 

and seeded at the specific density in well-plates with expansion media and stored in the incubator at 

37 °C overnight. On the next day, media was discarded prior to washing with DPBS to eliminate FBS 

residues and replaced with serum free (SF) expansion media. For internalisation of MNPs labelled with 

internal-binding antibodies (TRPV4 and TREK-1), 1 L of 1 mg/mL of the liposomal transfection reagent 

DOTAP was added per 25 L of the MNPs solution for 5 minutes and incubated at room temperature. 

Next 25 L of MNPs per every 1x105 cells was added into the wells and mixed carefully. Plates were 

then left in the incubator at 37 °C during 3 hours for optimal uptake of the MNPs. After incubation 

media was removed and 3 washes with DPBS were done in order to eliminate the excess of MNPs not 

attached to the surface of the cells. Wells were topped-up with the desired media and stored in the 

incubator. 
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2.5.4 Magnetic nanoparticle labelling of micromasses and pellets 

Equine MSCs were cultured and labelled as micromasses with the aim of visually monitoring the 

differentiation process of the cells and microscopically visualising the fluorescent marker GFP 

associated with collagen 2 expression. Ovine MSCs, equine MSC, human MSC and human UC-MSC 

were labelled and cultured as pellets to assess the chondrogenic potential of different experimental 

conditions in a 3D environment. After re-suspending cells in expansion SF media and counting, cells 

were transferred into sterile centrifuge tubes at the desired amounts. If labelling with MNPs targeting 

an internal antibody, 1 L of 1 mg/mL of reagent DOTAP was added per 25 L of the MNPs solution 

for 5 minutes and incubated at room temperature. Then 25 L of MNPs per 1x106 cells was added to 

the cell suspension, thoroughly mixed, and left to incubate for 3 hours at 37 °C with loose caps to allow 

for oxygen exchange. Following incubation, cells were centrifuged at 1200 r.p.m for 5 minutes and the 

media was discarded. Cells were then re-suspended into the desired media and plated if culturing 

micromasses or added into microcentrifuge tubes prior to a second centrifugation at 500 g for 5 

minutes if making pellets. Cells where then stored in the incubator. Micromasses and pellets set as a 

control without MNPs went under the same conditions until pellet or micromass formation for 

homogeneity on the sample formation. 

2.6 Magnetic activation 

A magnetic force bioreactor (MICA  Biosystems Ltd) was used for activation of the magnetic 

nanoparticles (Figure 2-2) (220,223). The device working principle is based on the delivery of 

an alternating magnetic field. This is achieved by the movable magnetic arrays. When the 

arrays get the closest to the samples, the magnetic field exerted causes the alignment of the MNPs 

towards the magnetic field. Once the magnetic field is removed by the downwards movement of the 

arrays, the MNPs lose the magnetisation and return to their natural state given the superparamagnetic 

nature of the MNPs.  This translates into the MNPs exerting a pulling effect on the receptor that they 
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are attached to. The mechanical effect causes the channel to open by deformation or by activation of 

the mechanosensitive domain. 

 Cells in well plates were placed inside the bioreactor, located inside an incubator at 37°C. The same 

was done for cells cultured as pellets, a 24-well plate with carved holes in the wells was used as an 

adaptor for the microcentrifuge tubes. The bioreactor can be defined in set programmes which alters 

time or number of cycles, frequency and height of the magnets. For all experiments, the frequency 

was set at 1 Hz and 3600 cycles, corresponding to 1 hour of stimulation (217). The computer sends 

the signal to the bioreactor that has 2 magnetic arrays (different sizes corresponding each size to well 

plates), and the magnetic arrays move towards the bottom of the well plate and away in a cyclical 

movement. As the magnet moves towards the particle there is a translational horizontal force applied 

to the particles corresponding to defined levels of stress delivered to the cell receptor (216). The 

setting of the displacement was variable across different units of the MICA bioreactor but was kept in 

accordance with the possible minimum distance to the samples, being 3 mm from the cells (1.5 mm 

distance of the array from the plate and 1.5 mm thickness of the well plate). A cooling system 

connected to the water tap allowed for the heating effect generated by the bioreactor to dissipate, 

ensuring the maintenance of the culture temperature during the stimulation. When the bioreactor 

cycle was completed, samples were transferred back into the culture incubator. Unless stated 

otherwise, samples were stimulated on a 5/7 regime day for 1 hour for 7, 10, 14 and 21 days. 
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2.7 Histological staining of pellets and tissue section 

On the termination of the experiment pellets in microcentrifuge tubes were washed with DPBS to 

eliminate media residues and fixed with 10% formalin. Samples were fixed for 1 hour after which they 

were washed and stored in DPBS at 4 °C. Human cartilage sections were kindly provided by Dr. Claire 

Mennan for gold-standard histology controls. 

 

2.7.1 Pellet size 

Prior to dehydration of the pellets, the whole pellet area size was measured using the EVOS M5000 

fluorescent microscope. The pellets were transferred from the microcentrifuge tubes with tweezers 

into a petri dish and the area was manually drawn around each of the pellets using the microscope 

tools. The same magnification and settings were kept for all the measured samples. Pellets were then 

transferred back to the microcentrifuge tubes and continued with the dehydration protocol. 

(A) (B) 

Figure 2-2. MICA Magnetic Bioreactor and control unit. A) The bioreactor is placed inside an 

incubator during stimulation periods and is connected to the control unit. B) The arrays are designed 

for the different well plates with pre-set measurements for distance from the bottom of the plate. 
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2.7.2 Sample dehydration and paraffin embedding 

To eliminate the water of the cell pellet to allow paraffin to enter the tissue, samples were firstly 

dehydrated with increasing alcoholic concentrations, for 1 hour each, with 70% IMS, 90% isopropanol, 

and 2 changes of 100% isopropanol. Following dehydration, samples were transferred to melted 

paraffin wax at 60 °C in the HistoStar paraffin embedder (Thermo Fisher). Samples were left overnight 

for optimal embedding, after which they were transferred to fresh paraffin in an embedding mould, 

added a labelled cassette and left to solidify in the cold plate. 

2.7.3 APES Coating of slides 

Superfrost glass microscope slides were coated with APES for improved adherence of the sectioned 

samples. To coat the slides, they were immersed in acetone for 2 minutes to remove any trace residues 

and then air dried. Slides were next transferred into freshly prepared 2% (v/v) APES in acetone for 

another 2 minutes and lastly washed for 2 minutes in distilled water (dH2O). Slides were then 

transferred to an oven and dried at 60 °C before using or storing them.  

2.7.4 Sample sectioning and deparaffinisation 

Prior to sectioning, sample blocks were trimmed to remove excess of paraffin. Samples were then 

positioned in the HistoCore Biocut rotary microtome (Leica) and sectioned at 7 m. 2-3 discontinuous 

sections were taken from each pellet for each slide, approximately 70 m apart, to allow visualisation 

of different depths of the pellet. Sections were then transferred into a water bath with dH2O at 40 °C 

and collected onto APES-coated slides. Slides were then left in the oven overnight at 60 °C to improve 

adherence of the sections and stored in slide boxes at room temperature until needed. Before 

staining, samples where deparaffinised by soaking into 2 changes of histo-clear for 5 minutes each, 

followed by 2 minutes’ immersion in decreasing alcoholic concentrations (100% IMS, 90% IMS, 80% 

IMS, 75% IMS, 50% IMS) and re-hydrated in dH2O for another 2 minutes before staining immediately. 
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2.7.5 Haematoxylin and eosin staining 

This stain was used for observation of the general structure of the constructs. The affinity of the basic 

dye, haematoxylin, for acid components such as nucleic acids allows for visualisation of the nuclei 

stained in a purple-blue coloration. In contrast, the acidic nature of eosin stains the basic components 

such as the cytoplasm or collagen fibres in a light pink colour. Deparaffinised and rehydrated tissue 

sections were soaked in Harri’s haematoxylin solution for 5 minutes, then rinsed in running tap water, 

and dipped twice in 0.3% acid alcohol (70% ethanol with 0.3% concentrated HCl). Slides were then 

rinsed with running tap water and rinsed in Scott’s tap water substitute (0.2% (w/v) sodium 

bicarbonate, 2% magnesium sulphate (w/v) in dH2O), rinsed with running tap water and soaked in 

Eosin Y aqueous solution for 90 seconds. Sections were then de-hydrated by soaking 2 minutes in 95% 

IMS, and 2 changes of 100% IMS and cleared in 2 changes of xylene for 5 minutes each. Slides were 

then mounted in DPX mounting medium and imaged in the EVOS Core XL microscope. 

2.7.6 Toluidine blue staining 

Toluidine blue was used for visualisation of the acidic sulphated muccopolysaccharides present in 

hyaline cartilage. Both toluidine blue dye and cartilage exhibit metachromasia, a property that shows 

in the sections different colour than the one from the dye (232). Deparaffinised and rehydrated tissue 

sections were immersed in 0.04% toluidine blue in a sodium chloride buffer solution for 3 minutes 

followed by 3 washes in dH2O. Sections were then dehydrated by soaking 10 times in 95% ethanol and 

2 changes of 100% ethanol and cleared in 2 changes of xylene for 3 minutes each. Slides were then 

mounted in DPX mounting medium and imaged in the EVOS Core XL microscope. 

2.7.7 Alcian blue staining 

Alcian blue was used with the purpose of highlighting the sulphated proteoglycans present in the 

native tissue, as an indicator for chondrogenesis. This stain allows for visualisation of structures such 

as dermatan sulphate, heparin sulphate, chondroitin sulphate and hyaluronic acid (233). 
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Deparaffinised and rehydrated tissue sections were soaked for 30 minutes in 1% alcian blue solution 

prepared with 3% acetic acid solution in dH2O at pH 1. The acidic pH allows staining weakly and 

strongly sulphated acid mucins. Sections were then washed in running tap water for 2 minutes, rinsed 

in dH2O and dehydrated through immersion in 95% IMS and 2 changes of 100% IMS for 3 minutes 

each, followed by 2 changes of xylene of 3 minutes each. Slides were mounted in DPX mounting 

medium and imaged in the EVOS Core XL microscope. 

2.7.8 Picrosirius red staining 

Collagen deposition was visualised with pricrosirius red stain. The stain is composed by Sirius red, and 

azo dye that stains all type of collagen fibres in a red-orange colour, and picric acid that stains the 

cytoplasm in yellow. Moreover, the birefringence nature of the collagen fibres stained in red allowed 

for observation of the fibres thickness and alignment (234). Deparaffinised and rehydrated tissue 

sections were immersed in 0.1% picrosirius red in saturated aqueous picric acid for 1 hour at room 

temperature. Sections were then washed in 2 changes of acidified water, dehydrated in 3 changes of 

100% ethanol, and cleared in 2 changes of xylene for 2 minutes each. Slides were mounted with DPX 

mounting medium and imaged in the EVOS Core XL microscope and in the cross-polarised light 

microscope. 

2.7.9 Prussian blue staining 

Prussian blue stain allowed for visualisation of the MNPs present in the samples. This was possible 

due to the reaction of the oxidation of the acidic solution of the ferrocyanide salts. Any ferric ion 

present in the sample combines with the salts forming the blue pigment allowing to visualise the MNPs 

(235). Deparaffinised and rehydrated tissue sections were immersed in a mixture of equal parts of 

20% aqueous solution of HCl and 10% aqueous solution of potassium ferrocyanide for 20 minutes. The 

staining solution was prepared immediately before use. This solution involves the reaction of the 

ferrocyanide with the iron of the particles allowing for their visualisation. Sections were then carefully 
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washed with DPBS, mounted with DPX mounting medium and imaged with the EVOS Core XL 

microscope. 

2.7.10 Safranin O staining 

Safranin O is a basic dye classically used for articular cartilage histology. The dye stains for the acidic 

proteoglycans in a red to orange colour, being the intensity of the stain proportional to the presence 

of the marker (236). Deparaffinised and rehydrated sections were immersed in 0.1% (w/v) safranin O 

solution for 5 minutes and dehydrated by soaking into 95% ethanol, 100% ethanol and cleared in 2 

changes of xylene for 2 minutes each. Sections were then mounted in DPX mounting medium and 

imaged in the EVOS Core XL microscope. A modification of the original protocol was used to enable 

the visualisation of the cell’s nucleus. Following rehydration of the samples, the slides were soaked in 

Harri’s haematoxylin solution for 5 minutes, then rinsed in running tap water, and dipped twice in 

0.3% acid, rinsed with running tap water, and rinsed in Scott’s tap water substitute, rinsed with 

running tap water and stained with safranin O solution for 5 minutes and followed with the protocol 

as usual. For human cartilage tissue samples, a third variation of the original protocol was used 

introducing the staining with 0.05% Fast Green for 5 minutes as an initial step and continuing with the 

safranin O staining and the following steps as firstly described. 

2.8 Histological assessment of monolayers and micromasses 

2.8.1 Sample preservation 

On the termination of the experiment, culture media was removed from the wells and samples were 

carefully washed with DPBS 2 times, fixed with 95% methanol for 10-20 minutes and stored in DPBS 

at 4°C until used.  
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2.8.2 Sample histological staining 

Monolayer and micromasses were stained with toluidine blue, alcian blue, picrosirius red, safranin O 

and prussian blue stains following the steps on section 2.7.6, 2.7.7, 2.7.8, 2.7.9. and 2.7.10. Samples 

did not undergo the dehydration or dehydration processes, and stains were directly applied to the 

well plates, followed by DPBS washes until removal of residual stain for all cases. Following staining, 

samples were preserved in DPBS and imaged with the EVOS Core XL microscope. 

2.9 Immunohistochemistry 

2.9.1 Antigen retrieval, permeabilisation and blocking 

Deparaffinised and rehydrated slides were soaked in a solution of 0.1% trypsin in 1% calcium chloride 

and incubated at 37 °C for 10 minutes, to enable the reveal of the masked epitope in order to allow 

for antibody binding. Samples where then rinsed with DPBS and if the epitopes were found in the 

intracellular department, permeabilisation with 0.1% Triton X—100 was performed during 10 minutes 

at room temperature, followed by a DPBS rinse of the samples. Then samples were blocked with 3% 

BSA for 1 hour at room temperature and washed with DPBS. For well plates the same procedure was 

followed excepting for the dehydration process that was not required. 

2.9.2 Primary antibody staining 

The primary antibody (Collagen II, Collagen X, Sox9, PCNA, Ki67, Aggrecan, TRPV4 and Dextran) was 

added in a concentration specified by the manufacturer by dilution in 1% BSA and incubated overnight 

at 4 °C in a humidification chamber to avoid the slides from drying. On the next day 3 DPBS washes of 

5 minutes each were carefully performed to remove the excess of antibody. A negative control 

without primary antibody was performed for every batch of stained slides or well plates. 
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2.9.3 Secondary antibody and DAPI staining 

After performing the DPBS washes, the appropriate secondary antibody diluted in DPBS at the working 

concentration indicated by the manufacturer was carefully added to the samples in a dark 

environment. Slides were then incubated for 1 hour at room temperature in the humidification 

chamber and protected from light. Samples were then washed 3 times with DPBS for 5 minutes 

carefully protecting the samples for the exposure of light. DAPI was then added to the samples at a 

concentration of 1 g/mL and incubated in the dark for 15 minutes at room temperature, followed by 

5 washes of DPBS of 3 minutes each. Slides were then mounted with fluoromount aqueous mounting 

solution and left to dry in the dark. Well plates were preserved with DPBS at 4 °C in the dark. Samples 

were imaged using the automated microscope CytationTM 5 (Biotek). Due to the need of imaging 

different batches of samples for the same parameter, all microscope settings were kept the same to 

ensure the comparability of the images. 

2.9.4 Pellet immunohistochemistry  

Due to the difficulties encountered for imaging fluorescently stained pellet sections with the available 

microscope, ovine MSCs and chondrocytes pellets were stained using the streptavidin-biotin (ABC) Kit. 

Rehydrated slides were covered in 0.1% trypsin and 1% calcium chloride solution prior to incubation 

at 37 °C for 10 minutes for antigen retrieval and then washed with DPBS. Endogenous peroxidase was 

quenched by covering the slides with a solution of 3% hydrogen peroxide in 50% methanol and 

incubated for 5 minutes at room temperature, followed by a DPBS wash, and blocking with 3% BSA 

for 1 hour at room temperature and a DPBS wash. The specific primary antibody (collagen II and 

aggrecan) was added onto the slides diluted in a 1% BSA solution at the concentration stated by the 

manufacturer and incubated in a wet chamber at 4 °C overnight. On the following day, slides were 

washed 3 times with DPBS for 5 minutes and the biotinylated anti-rabbit ABC system staining kit, 

diluted following manufacturer’s indications, was added to the slides and incubated for 10 minutes at 
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room temperature, followed by 3 DPBS washes of 2 minutes each. Next the streptavidin peroxide plus 

from the ABC kit was added and incubated another 10 minutes at room temperature and 3 washes of 

0.01% Tween 20 were performed. The 3,3’-diaminobenzidine (DAB) was prepared combining the 

chromogen and the substrate in a 1:50 proportion and applied to the tissue sections and left to 

incubate at room temperature until signal appeared first (2 minutes), then immediately washed with 

dH2O, mounted with aqueous hydromount mounting media and imaged using the EVOS Core XL 

microscope. 

2.9.5 Fluorescence quantification 

The quantification of the fluorescence intensity was performed by image J. Firstly a freehand selection 

of the fluorescent area was drawn. Using the software tools, the analysis of the area, integrated 

density and mean grey value were obtained. A small area of every images was selected (n=3) as the 

background measurement and the mean fluorescent of the background was calculated. Next the total 

fluorescence was calculated, normalising to the area selected to remove differences from samples 

size. The corrected total cell fluorescence (CTCF) was then calculated following the formula: 

 CTCF = Integrated Density – (Area of Selected Cell x Mean Fluorescence of Background readings) 

 

2.10 Cell viability and proliferation 

Several methods were used in order to assess the viability and the proliferation of the cells according 

to the nature of the experiment.  

2.10.1 PrestoTM blue 

The viability of micromasses and pellets was assessed using the PrestoTM blue reagent that measures 

the metabolic activity of the cells through monitoring of the reducing power of the cells. This method 

uses a resazuring-based reagent, a non-toxic cell-permeable reagent that enters the living cells and on 

reducing environment the reagent reduces to resorufin, increasing the blue colouring of the media 
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that can be measured with a spectrophotometer. For micromasses and monolayers, media was 

removed from the wells, followed by a DPBS wash and the Presto blue 10X reagents was diluted to 1X 

in culture medium and added to the wells with a variable volume according to the well size. Plates 

were then protected from light and left in the incubator at 37 °C for 30 minutes. After incubation, 

triplicates of 100 L of volume was taken from each well and pipetted into a 96-well plate before 

measuring the fluorescence in the plate reader at 560 nm for the excitation and 615 nm emission 

parameters. For cell pellet samples, the media was removed from the microcentrifuge tubes and a 

DPBS wash was performed. 10% Presto blue diluted in media was added into the microcentrifuge 

tubes that were immediately protected from light. After optimisation, it was decided to add 160 L of 

the 1X presto blue solution to each microcentrifuge tube to avoid longer incubation times. Samples 

were then transferred to an incubator at 37 °C and incubated for 5 hours. Next, triplicates of 50 L 

were taken from each microcentrifuge tube and transferred into a 96-well plate for fluorescent 

measurement in the Spark ®(Tecan) plate reader. Same excitation and emission parameters were 

used as the previous case. Controls containing media without cells were used for basal level 

references. 
2.10.2 Live / Dead assay 

Human UC-MSC pellets were fixed and processed as indicated in section 2.7. Rehydrated samples were 

then treated for antigen retrieval, permeabilisation and blocking (section 2.9.1). Live/DeadTM staining 

kit was then used. The blue dye from the kit was reconstituted 1:50 in DMSO and slides were covered 

in a 1:100 dilution of the blue dye. Samples were then incubated in the humidified chamber at 4 °C 

overnight, and then washed 3 times for 5 minutes with DPBS. Samples were then covered with Ki67 

primary antibody, in a dilution according to the manufacturer’s instructions, in order to have another 

viability parameter. Samples were incubated for 1 hour at room temperature and washed 3 times with 

DPBS for 5 minutes. The specific secondary antibody was then added to the sections and incubated 

for 1 hour at room temperature protected from light before washing 3 times with DPBS for 5 minutes. 
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FM1-43 FX membrane dye was then added onto the slides, following manufacturer’s 

recommendation, and incubated for 20 minutes at room temperature protected from light, then 

washed 3 times with DPBS for 5 minutes and mounted in hydromount aqueous mounting media. Slides 

were left to dry and imaged with the CytationTM 5 automated microscope system keeping all settings 

equal for picture comparison. 

2.11 CM-Dil labelling of pellets 

Human UC-MSC pellets samples made of the combination from 3 different donors were labelled with 

a cell tracker prior to pellet formation to assess the effect of the dye on the pellet proliferation and 

differentiation processes, and the duration of the dye on the samples before a potential in vivo study. 

For this purpose, cells were labelled with MNPs as per indicated in section 2.5.4 and following the 3-

hour incubation with MNPs, samples were centrifuged at 1200 r.p.m for 5 minutes, media was 

discarded, and the cell pellet was diluted in 1 mL of DPBS. Next CM-Dil working solution (2.5 µL of 

stock per 1 ml of DPBS) was added to the cell suspension and incubated for 5 minutes at 37 ᵒC, 

followed by 15 minutes of incubation in the dark at 4 ᵒC. Cells were then centrifuged at 1200 r.p.m for 

5 minutes and re-suspended in the desired media before continuing with the normal pellet formation 

in 1.5 mL microcentrifuge tubes. 

2.12 Proteinase K digestion of pellets 

Chondrogenic differentiation and magnetic activation was induced as indicated in sections 2.4 and 

2.6. On the termination of the experiment, media was discarded, and cell pellets were washed with 

DPBS and samples stored in empty microcentrifuge tubes at -80 ᵒC until used. For pellets digestion, 

samples were covered with 250 L of proteinase K per pellet (1 mg/mL dissolved in 100 mM 

ammonium acetate, pH 7.0), and incubated at 60 o C for 2 hours with vortex agitation every 30 minutes 

until cell pellets looked visually dissociated. Proteinase K was inactivated by heating the samples at 

100 ᵒC for 5 minutes in a heat block. Samples were then stored at -20 ᵒC until used. 
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2.13 DMMB sulphated GAGs assay 

Dimethyl methylene blue (DMMB) is a reagent commonly used for the detection of sulphated GAGs. 

The colour change that the reagent undergoes when read in a spectrophotometer gives a proportional 

measure of the sGAGs present in the sample. From the samples digested as in section 2.12, 50 L was 

used for this assay 

2.13.1 Preparation of DMMB solution 

DMMB working solution was prepared by dissolving 0.008 g of DMMB into 2 mL of 100% ethanol, 

before adding 1.52 g of glycine and 1.185 g of sodium chloride dissolved in 500 mL of dH2O. The 

mixture was protected from light and mixed for 2 hours with a magnetic stirrer. pH was adjusted to 

3.0 with hydrochloric acid and stored in the dark at room temperature until used. 

2.13.2 Preparation of samples 

Firstly, a standard assay was performed using chondroitin sulphate. A standard curve with 

concentrations of 50, 25, 12.5, 6.25, 3.125, 1.5625 and 0.78125 g/mL was prepared in 100 mM 

ammonium acetate. From each standard curve controls, 50 L were transferred into a 96-well plate 

in triplicates. From the digested cell pellet samples, 50 L were transferred in triplicates into the 96-

well plate. A multichannel pipette was used to quickly add 200 L of DMMB working solution per well, 

trying to minimise the pipetting time across wells due to the fast reaction of the reagent. The plate 

was then transferred into the Spark® (Tecan)  plate reader and absorption at 530 nm was determined.  

2.14 PicoGreenTM double stranded DNA assay 

Following optimisation of the protocol for the specific purpose, 30 L of proteinase K digest (2.12) was 

used for this assay in a 1:10 dilution in 1x tris-EDTA (TE) buffer. The Quant-ITTM double stranded DNA 

assay was performed as per the manufacturer’s instructions. A standard curve of DNA was prepared 

at concentrations of 2, 1, 0.5, 0.25, 0.125, 0.0625, 0.03125 and 0.0156 g/mL in 100 mM ammonium 
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acetate. For the blank control of 0 g/mL, 10 mM ammonium acetate in 1x TE buffer was used. 

Aliquots of 50 L of the standard curve were added in triplicates to a 96-well plate and the same was 

done for the experimental samples. PicoGreenTM stock solution was diluted 1:200 in 1x TE buffer 

immediately prior to use. Next, 50 L of working solution was added to each well and incubated for 2 

minutes in the dark before the reading in the Spark® (Tecan)plate reader (excitation 480 nm, emission 

520 nm). DNA concentrations were determined using a calibration curve of standards with linear 

regression.  

2.15 RNA isolation from pellets 

2.15.1 Cell lysis and homogenisation 

For all procedures related with RNA isolation, surfaces were decontaminated with DNA AWAYTM. On 

the termination of the experiment, media was discarded, and pellets were washed with PBS. Next 350 

L of RLT buffer was added per sample directly into the microcentrifuge tube and transferred 

immediately to store at -80 ᵒC and left up to a maximum of 7 days. If predicted a hard digestion (for 

experiments with longer duration) 1% 2-mercaptoethanol was added into the RLT buffer and after 

addition of the digestion buffer to the samples, they were placed in the sonicator with iced water for 

2 hours until disruption of the pellet. When this step was not sufficient to dissociate the pellet, manual 

disruption of the sample using a pestle was attempted. 

2.15.2 Isolation of RNA using the RNeasy mini kit 

The RNA extraction was carried out following the manufacturer’s instructions of the RNeasy mini kit. 

Frozen samples were left to defrost on ice and all procedures performed during this protocol were 

done on ice. Samples were initially centrifuged at full speed for 3 minutes and the supernatant was 

carefully transferred into a new microcentrifuge to eliminate the cell membrane leftovers from the 

digestion. Next 350 L of 70% ethanol were added to the lysate and mixed well by pipetting. The 
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resulting 700 L solution was then transferred into a RNeasy mini spin column and centrifuged at 

8,000 g for 15 seconds. The flow-through was discarded and RNA was left bound to the column 

membrane. The membrane was then washed with 700 L of RW1 buffer, and twice with 500 L of 

RPE buffer with centrifugation of 15 seconds at 8,000 g between washes and a 2-minute centrifugation 

for the last wash. The flow-through was discarded after each centrifugation cycle. The collection tube 

was then discarded and replaced with a new one after which the tubes were centrifuged 1 minute at 

full speed to dry the membrane. The collection tube was discarded, and the mini column was finally 

transferred into a new 1.5 microcentrifuge tube. To elute the RNA from the membrane, 30 L of RNAse 

free water was added directly into the membrane and allowed to soak for 1 minute. Next the columns 

were centrifuged for 1 minute at 8,000 g and the resulting elute was re-pipetted directly into the 

membrane and centrifuged a final time for 1 minute at 8,000 g. The extracted RNA was quantified 

with the NanoDrop and stored at -80 ᵒC or directly used for reverse transcription. 

2.16 Reverse transcription 

After extraction of the RNA from the pellets, the RNA was converted into cDNA using the High-Capacity 

Reverse Transcription Kit following the manufacturer’s instructions. Firstly, a reverse transcription 

master mix was prepared by mixing 0.2 L RNAse free water, 0.8 L 25x dNTP Mix, 1 L MultiScribeTM 

Reverse Transcriptase, 2 L random primers and 2 L 10x RT Buffer per sample. Following 

centrifugation of the master mix, 6 L were used per sample and transferred into a 0.5 mL thin-walled 

PCR tube. Another 14 L of the RNA sample were transferred to the tube. Samples were centrifuged 

and placed into the SimpliAmp Thermal Cycler (Thermo Fisher). The thermal cycler was set as follows: 

 Step 1: 25 °C for 10 minutes 

 Step 2: 37 °C for 120 minutes 

 Step 3: 85 °C for 5 minutes 

 Step 4: Hold at 4 °C until samples collected 
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Samples were then stored at -20 °C or kept in ice for gene analysis. 

2.17 Quantitative real-time polymerase chain reaction 

The amplification of the gene expression was performed using SYBR® Green fluorescent DNA-

intercalating dye for real-time polymerase chain reaction (qRT-PCR). Primers used were obtained 

commercially pre-optimised (QuantiTect primer assays) for human cells and customised from Thermo 

Fisher and PrimerDesign for equine and ovine cells. The intercalating stain binds preferentially to 

double stranded-DNA and is detected by the fluorescent signal allowing to quantify the number of 

amplified copies of the gene product. The intensity of the dye is measured at the end of each PCR 

cycle on a total of 40 cycles-time. The thermal cycler device sets an arbitrary threshold that once 

surpassed by the sample fluorescent intensity, is logged into the programme as a CT value. The number 

of the cycle where the CT value of each sample is reached determines the level of expression of each 

gene. With the intention of setting a normalisation, genes constitutively expressed by the cells were 

used as controls, the ribosomal protein S18 and gene glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). Relative expression was calculated by using 2-ΔCT or 2-ΔΔCT as appropriate. 

2.17.1 Preparation of the samples 

If previously stored, samples were defrosted on ice and diluted in RNase free water. Equine and ovine 

MSCs samples were diluted to 7.5 ng of cDNA per reaction (0.75 ng/μL) due to the limited amount of 

sample. For human MSCs and UC-MSCs 15 ng per reaction (1.5 ng/μL). A master mix was prepared 

with 0.5 L of RNAse free water, 2 L of 10x primer mix (or 1 L of the forward primer and 1 L of the 

reverse primer) and 7.5 L of SYBRTM Green Master Mix per each sample. From the master mix, 10 L 

were transferred into each well of PCR tube strips, together with 5 L of the diluted cDNA per sample 

in triplicates. Master mix and RNAse free water alone was added in triplicates for control readings. 

The tubes were sealed and centrifuged until bubbles completely disappeared to avoid alterations on 

the readings, and they were placed in the AriaMx Real-Time PCR System (Agilent Technologies). 
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2.17.2 Gene amplification 
 

The thermal cycler programme was set as follows (Figure 2-3): 

 One cycle of 95 °C for 10 minutes (DNA denature hot start and DNA polymerase activation) 

 40 cycles of:  

 95 °C for 15 seconds (DNA melting) 

 60 °C for 1 minute (DNA extension) (Temperature dependent upon primer pair) 

 Fluorescence determination 

 One cycle of pre-programmed melt curve 

 95 °C for 1 minute 

 55 °C for 30 seconds 

 95 °C for 30 seconds 

 Fluorescent determined while temperature increases gradually from 55 °C 

to 95 °C 
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Figure 2-3. qRT-PCR Thermal cycler programme. Initial single cycler for DNA denature, followed by 

40 cycles of product amplification ending with 1 cycle of melt curve formation. 

 

2.17.3 qRT-PCR data analysis 

Relative gene expressions in the form 2-ΔCT were calculated using Microsoft Excel. The housekeeping 

gene values were used to normalise the expression of the examined genes. 

2.17.4 qRT-PCR Primer design 

Equine and ovine primers were custom-made by Thermo Fisher (Table 2-4) and Qiagen (Table 2-5) 

respectively. Primers were not previously tested by the company for optimal DNA extension 

temperature hence before use, qRT-PCR and agarose gel electrophoresis was done using the primers 
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until the optimisation of the products. Primer design was ensured to correspond to exon regions 

avoiding sequence introns. 

 

Table 2-4. qRT-PCR equine primer sequences. 

Gene name 
(Protein 
product) 

Forward primer 
(5’ to 3’) 

Reverse primer          
(3’ to 5’) 

Annealing 
temperature 

(°C) 

S18 
(Ribosomal 
protein S18) 

CGGCTTTGGTGACTCTAGATAACC CCATGGTAGGCACAGCGACTA 60 

Acan 
(Aggrecan core 
protein) 

CTTAGAAGGACAGAAAGCGAC ACTTTGGGCGGAAGAAGG 60 

Col2a1 
(Collagen alpha-
1(II) chain)  

CTGGCTTCAAAGGCGAACAAG GCACCTCTTTTGCCTTCTTCAC 60 

Sox9  
(SRY (Sex 
Determining 
Region Y)-Box 9)  

CAGGTGCTCAAGGGCTACGA GACGTGAGGCTTGTTCTTGCT 60 

 

 

Table 2-5. qRT-PCR ovine primer sequences. 

Gene name 
(Protein 
product) 

Forward primer 
(5’ to 3’) 

Reverse primer          
(3’ to 5’) 

Annealing 
temperature 

(°C) 

Gapdh 
(Glyceraldehyde 
3-phosphate 
dehydrogenase)  

CTGGTGCTGAGTACGTGGTG CGTCAGGAGAAGGTGCAGAG 59 

Acan 
(Aggrecan core 
protein) 

TAGGTGGCGAGGAAGACATC AAACGTGAAAGGCTCCTCAG 57 

Col2a1 
(Collagen alpha-
1(II) chain)  

CCTCAAGAAGGCTCTGCTCA ATGTCAATGATGGGGAGACG 57 

Sox9  
(SRY (Sex 
Determining 
Region Y)-Box 9)  

TGAATCTCCTGGACCCCTTC CTTGTCCTCCTCGCTCTCCT 62 
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2.18 Agarose gel electrophoresis 

Customised ovine and equine primers were pre-optimised by qRT-PCR and fractionated by gel 

electrophoresis with the aim of optimizing the annealing temperature and confirming the presence of 

a single product per primer pair. Gels were made with a 2% (w/v) agarose solution in 100 mL 1X TAE 

buffer in a 250 mL glass bottle. The cap of the bottle was loosened, and the bottle was then placed in 

a microwave and heated intermittently for 2- 4 minutes, until the solution was dissolved, in 30 seconds 

intervals and periodically removing the content of the bottle. Next 5 L of ethidium bromide (10 

mg/mL) was added to the mixture; the bottle was then swirled for distribution of the reagent and 

poured into a gel setting chamber. Combs where then inserted on the chamber and the solution was 

left to solidify for 1 hour. Ethidium bromide is a fluorescent DNA dye that intercalates with the DNA 

double-stranded helix and undergoes enhanced fluorescence after UV exposure, allowing for 

visualisation of the DNA bands within the gel. After gel was set, the combs were carefully removed, 

and the clear chamber was then transferred into a Bio-Rad electrophoresis chamber that was 

previously filled with 1x TAE buffer (pH 8). Next 2.5 L of gel loading buffer was added to each PCR 

amplified sample and 8 L from each sample were then loaded into each well of the gel. 5 L of the 

DNA ladder was loaded into 2 wells, usually located at the extremes of the gel, to allow for better 

visualisation. Gels were run during 1 hour at 100 V and then visualised in a UV Transilluminator 

(Synergene) chamber at 254 nm. Images of the gels were taken with the Synergene Genesnap 

software. 

2.19 Flow cytometry characterisation 

Human UC-MSCs labelled with MNPs on the previous day as described in section 2.5.4, and unlabelled 

cells were trypsinised, counted and fixed by re-suspending the cells in 10% (v/v) formalin and 

incubated at room temperature for 20 minutes. Cells were next centrifuged at 1,200 r.p.m, the liquid 

was discarded, and cells were re-suspended to wash in FACS buffer consisting of DPBS with 0.5% (w/v) 
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BSA and 2 mM EDTA and centrifuged again. Samples were re-suspended in 5 mL of 0.1% Tryton X-100 

and incubated at room temperature for 10 minutes, followed by centrifugation, re-suspension in FACS 

buffer and centrifugation. Cells were then re-suspended in 5 mL of 2% (w/v) BSA and incubated at 

room temperature for 30 minutes and separated into equal volumes in 1.5 mL microcentrifuge tubes, 

being approximately 2x105 cells per studied group in duplicates. Tubes were centrifuged at 500 g for 

3 minutes, the liquid was discarded, and samples re-suspended in a dilution of the appropriate primary 

antibody (Dextran-FTCI, TRPV4 and IgG) according to manufacturer’s instructions, or in 500 L FACS 

buffers for the controls, and incubated for 30 minutes at room temperature. Next samples were 

washed 3 times with FACS buffer by centrifugation and re-suspension and the secondary antibody was 

added (Alexa Fluor 647) according to recommended dilution, or 500 L FACS buffer was added to the 

control samples and incubated 30 minutes at room temperature in the dark, prior to centrifugation 

and 3 washes with FACS buffer. The samples were finally re-suspended in 300 L of FACS buffer and 

protected from light. The measurements were performed by Dr. Nicola Foster due to limitation of the 

equipment access, using the Beckman Coulter Cytoflex. Analysis was done using the CytExpert 

software. 

2.20 Magnetic nanoparticle characterisation 

2.20.1 Particle size 

To determine the hydrodynamic particle, size a Malvern ZetaSizer instrument was used. The 

instrument is based on the use of dynamic light scattering to measure the size and the size distribution 

of particles in a suspension. This measurement is key to study the properties if the MNPs since the 

hydrodynamic size highly influences the properties exhibited by the nanoparticles (237). From the 250 

nm Nanomag stock (1 mg/mL), 50 L was diluted in 3 mL dH2O in the cuvette, vortexed and placed in 

the instrument. The working volume made a count rate of 300-400, enough to select a good range of 
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MNPs for the measurement. 3 measurements of the Z-Size were taken from each sample made in 

triplicates. 

2.20.2 Particle surface charge 

The Z-potential of the nanoparticles was measured using the Malvern Zetasizer, giving a measurement 

of the particle stability in suspension. 250 nm Nanomag stock particles were diluted to the previous 

concentration (2.20.1) in MiliQ water and injected into the Malvern capillary cuvette by using a 

syringe, avoiding the formation of air bubbles. The cuvette was then placed in the instrument and the 

software run 120 readings in triplicates for each sample. 

2.20.3 Total protein determination 

In order to determine the amount of antibody bound to the MNPs, the MicroTM BCA Protein Assay Kit 

was used. This method is based on the reduction of Cu+2 to Cu+1 reaction in the presence of proteins 

in an alkaline medium that is detected by colorimetric detection of the reduced element by the 

bicinchoninic acid (BCA). The colour change is the measured by absorbance reading with a 

spectrophotometer. A standard curve was prepared using serial dilutions of BSA of 200, 40, 20, 10, 5, 

2.5, 1 and 0.5 g/mL using DPBS as diluent. A sample containing only the diluent was also prepared. 

MNPs labelled with RGD, TREK-1, TRPV4 and particles labelled with the secondary antibody and 

unlabelled as described in section 2.5.1 and 2.5.2, were washed with DPBS twice in a permanent 

magnet and re-suspended in 1 mL in DPBS to eliminate reading errors induced by the presence of 

protein in the nanoparticle’s diluent solution. The working reagent was then prepared by mixing the 

reagents A, B and C provided by the kit according to the manufacturer’s instructions. The working 

solution was vortexed and mixed in a 1:1 proportion with each of the samples to be studied, and 

incubated for 1 hour at 60 °C. Next 150 L of each standard and sample solution was transferred into 

a 96-well plate in triplicates and 150 L of the working solution was added to each well before mixing 
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for 30 seconds and allowing for the plate to cool. The absorbance was read at 562 nm using the Tecan 

Spark® plate reader. 

2.21 Transmission electron microscopy (TEM) 

Human UC-MSCs labelled with magnetic nanoparticles were used to examine the close behaviour of 

the MNPs within the cells and proving the presence of the same inside the cells. Cells were firstly 

seeded in UV-sterilised coverslips placed in a 6-well plate (200.000 cells per well) and allowed to attach 

for 24 hours before labelling as per indicated in section 2.5.3 and left in the incubator for 48 hours 

before fixation. Cells were also labelled and immediately fixated after 3 hour-incubation with the 

MNPs. Cells were washed with DPBS and fixed with 2 mL of Cacodylate fixative (provided by the TEM 

service) for 1 hour at 4 °C, then DPBS was added into the wells and the plates were transferred to TEM 

facilities were they were processed. This experiment was performed with the collaboration of Kiran 

Dhillon. 

2.22 Luciferase measurement 

The metridia luciferase secreted by the CMV-Luc and Col2-Luc was measured with the Takara Ready-

To-GlowTM kit following the manufacturer instructions. 24 hours before measurement, media was 

changed for all the groups. For the measuring 100 L of media were collected from the cells and 

diluted in DPBS 1:100 for the Col2-Luc cells and 1:1000 for the CMV-Luc cells. 50 ml from each dilution 

were mixed with the substrate buffer from the kit and a reading was performed with the luminometer. 

2.23 RNA sequencing 

For further assessment of the MICA potential in chondrogenesis, human TC28 chondrocyte cell line 

was used, kindly provided by Dr. Steven Woods and Prof. Sue Kimber (Manchester University). This 

experiment was performed with the help of Kiran Dhillon. Cells were cultured in monolayer for 

expansion purposes in basal media, labelled with TRPV4-MNPs in monolayer and 24 hours after 
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labelling cells were submitted for 1 hour of MICA activation, added GSK101 (100 nM) or left in the 

incubator for 4 hours before RNA extraction. All samples were treated equally with removal of media 

and addition of fresh media prior to the 4-hour incubation time to avoid variation among experiments. 

RNA was extracted on the same day and qRT-PCR on JUN, MAFF, RCAN1, NFATC2, SPP1 and BTG2 

transcription factors was performed on the following day after preserving the samples at -80 °C. The 

experiment was repeated 4 times and one sample per group per experiment was sent for RNAseq 

analysis by our collaborators in Manchester University (Supplementary figures 1 and 2). 

2.24 Statistical analysis 

Statistical analysis was conducted using the GraphPad Prism V7 software. Differences with a p value 

lower than 0.05 (p<0.05) were considered significant. For experiments with more than 3 technical 

repeats of gene expression or sGAGs, DNA and sGAGs/DNA were compared across groups performing 

a two-way ANOVA with Tukey comparison of column means. When the number of repeats varied 

slightly for each group, an ordinary one-way ANOVA was performed instead, with Tukey correction 

and comparison of column means. For comparison of paired samples, a two-tailed paired T-test was 

performed. 

Unless otherwise stated all values quoted in the results are mean ± standard deviation. 
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3.1 Introduction 

Magnetic nanoparticles have been widely studied in the biomedical field for several applications such 

as contrast agents for MRI, cell labelling and tracking and magnetic hyperthermia for cancer therapy 

or drug delivery (238). The use of magnetic nanoparticles for injectable cell therapies has introduced 

the possibility of controlling the stem cell behaviour in vivo and localising the cells following 

implantation via MRI tracking of the MNPs, removing the need for contrast agents (239,240). Despite 

the great advantages for in vivo applications the functional properties of the MNPs need to be 

assessed prior to every individual experiment. Moreover, the particle design is a key element for the 

purpose of the application and needs to be closely aligned to the magnetic properties desired (241). 

The MNPs properties such as size, coating and functionalisation, can affect the biocompatibility, 

biodistribution, uptake and toxicity of the particles. Moreover, the internalisation of the MNPs can 

also be affected by the cell type and the proliferation rate of the cells while at the same time, labelling 

the cells with MNPs can alter the proliferative properties of the culture (212). The fabrication of MNPs 

is a complex process that often leads to batch-to-batch variability and it can also be found variability 

among the same batch. This issue is often avoided when using commercially available particles (242). 

Nevertheless, it may also occur that the commercially available MNPs do not meet the stated 

specifications. Hence, it is of great importance to characterise the MNPs used to ensure the efficiency 

of the experiment (243). This is of special importance if there is an aim for translating the therapy into 

the clinic, being a requirement that the MNPs match the accepting validation criteria to ensure firstly, 

the safety, followed by the effectiveness of the treatment (244).  

The biodistribution of the MNPs is determined by the nanoparticle coating and the surface chemistry. 

Biocompatible coatings can reduce the immune response(245). This is key to allow for the 

nanoparticles to remain longer in circulation before being detected and engulfed by the macrophages. 

Coating particles with dextran has been demonstrated to prolong the presence of MNPs in systemic 
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circulation(246). The coating of the MNPs also influence the magnetic behaviour by decreasing the 

magnetic properties of small particles such as iron oxide when compared to the bulk properties or by 

modifying the anisotropy or the magnetic moment (247). Moreover, surface modifications such as 

antibody coating, can play an elemental role in the interaction of the MNPs with the cellular 

components. 

Among the variety of proposed strategies for the use of MNPs for cell therapy, a novel application 

based on the remote activation of stem cells with MNPs has been studied for several tissues such as 

bone, brain and cartilage (220,221). This approach is based on the mechano-transduction concept, 

aiming to selectively activate mechano-sensitive structures on the cells to guide the differentiation 

process.  

For the MICA technology to adequately function, several approaches can be addressed. The magnetic 

activation of the channel can be achieved either by direct deformation of the membrane, or by 

exerting a mechanical force that changes the channel conformation with the following activation 

(216). Nevertheless, a more specific way to apply the MICA technology is by directly targeting the 

mechano-sensitive domain of the channel. Hence, it is key to both successfully coat the MNPs with a 

high affinity antibody and to be able to target the desired mechano-sensitive structure. The process 

of labelling the MNPs with antibodies for directing the particles towards specific elements of the cells 

is known as active targeting (248). The use of functional groups for targeting intra- or extracellular 

elements provides an efficient bonding for nanoparticles that aids prolonging the time that the MNPs 

reside in the tissue, in addition to introducing the advantage of selectively targeting small elements of 

the cells, which is the case for the magnetic ion channel activation approach. 

MNPs ranging from 250 nm can be engulfed by the cells event if not labelled with any specific antibody 

(196,249).  For this reason, the effective nanoparticle coating and labelling efficiency are two essential 

parameters that should be characterised for these types of approaches. Nevertheless, the 
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demonstration of the MNPs binding to the receptor, can be a complex matter to demonstrate given 

the often transient presence of the MNPs bound to the membrane. This is the case for the TRPV4 

channel that has been described to rapidly internalise following activation (250).  

In addition to guaranteeing the effective labelling, the MNPs are required to reach their target 

externally or internally. The majority of mechano-transductive elements are located at both the 

internal and the external side of the cytoplasmic membrane connected by transmembrane domains. 

This is so that the external stimuli can be sensed by the outer part of the receptor, and translated into 

the cytoplasm by the transmembrane and internal domains of the channel linked to the cytoskeleton 

elements (251,252). For both TRPV4 and TREK-1, this mechano-sensitive domain is located in the 

internal side of the membrane (141,253). To ensure the uptake of the particles, transfection agents 

can be used such as the cationic lipid DOTAP. The supplementation of the cells with these agents aid 

for the particle internalisation by the formation of a liposomal complex that fuses with the cell 

membrane (254). However, these agents are often related with toxicity and impaired biological 

function and hence, when used, it is of great importance to ensure cell viability and that the 

differentiation potential of the cells has not been affected (255).  

The work in this chapter aims to characterise the MNPs used for all experiments conducted for this 

thesis, by measuring the size of the particles and proving the effective coating and labelling of the 

MNPs with the specific agents. A study was also performed to test the hypothesis that iron oxide 

cored-MNPs coated with dextran do not induce cytotoxicity and neither the transfection agent used. 

The chondrogenic potential of MSCs was also assessed in vitro with a preliminary study of the MICA 

technology that was executed for histological observation of the cartilage constructs formed under 

mechanical stimulation. 



105 
 

 

3.2 Aims 

The aims of this chapter were: 

 To characterise the MNPs properties used for all labelling experiments 

 To characterise the MSCs and the labelling efficiency 

 To study the effect of MICA technology on chondrogenic differentiation of human MSCs 

3.3 Methods 

3.3.1 Magnetic nanoparticle characterisation  

Commercially available MNPs were activated, coated, and labelled with the antibodies used for this 

thesis as explained in section 2.5. The hydrodynamic size and particle surface charge (Z potential) was 

measured using a Malvern ZetaSizer instrument following the procedure explained in sections 2.20.1 

and 2.20.2. For control purposes, characterisation experiments of MNPs were performed also in 

uncoated MNPs. All measurements were performed in replicates of 3 for higher accuracy. 

For quantification of the total amount of protein/ antibody bound to the MNPs after labelling, a Micro 

BCATM assay was performed according to procedure described in section 2.20.4. This measurement 

was performed for all types of proteins used for the experiments for the duration of this work. 

3.3.2 Cytotoxicity study of MNPs 

The study of the effect of MNPs labelling on cell pellets and micromasses was performed using hUC-

MSCs for the pellet determination and equine MSCs for the micromasses. Presto blueTM reagent was 

used, as explained in section 20.10.1 for measuring the metabolic activity of the cells that directly 

correlates to cell viability. For each cell type, 3 replicate measurements of 3 different samples from 

each group were taken at days 1, 7, 10, 14 and 21 of culture for the pellets, and days 1, 3, 5 and 7 for 
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the micromasses, adjusting to each experimental condition.  For immunohistochemical assessment of 

the viability, 1 pellet per group of hUC-MSCs was processed and 3-4 sections of each pellet were 

stained with Ki67 and Live/ DeadTM stain (section 2.9 and 2.10.2). The Live / DeadTM dye reacts with 

the free amine groups from the inside of the cells and from the cell surface producing a bright blue 

immunofluorescence signal in the presence of dead cells. The samples stained with this dye emitted 

fluorescence regardless of the presence of living cells. For an accurate analysis, pellets formed with 

the same cell source were cultured with PEGDA for inducing apoptosis. Pellets were then sectioned 

and stained with Live / DeadTM and Ki67 as the studied samples. The images were processed with 

Image J software and the quantified fluorescent intensity values from the studied group were 

normalised to the values from the sections of the samples that were induced to apoptosis and hence, 

considered as a positive control for the marker.  

3.3.3 Characterisation of MSCs 

MNPs presence on the cells was studied by transmission electron microscopy as described in section 

2.21. This study was performed in hUC-MSCs fixed after labelling for 3 hours with MNPs following the 

protocol described in section 2.5.3. Subsequently, these cells were fixed 48 hours after labelling with 

the aim of studying the fate of the MNPs post-labelling.  

The presence of TRPV4 was detected in human, ovine and equine MSCs and in human UC-MSCs prior 

to initiating any experiments activating the channel. PCNA antibody was also tested on monolayer to 

prove effectiveness on detecting proliferating cells for those cells that required viability study of pellet 

sections. For this purpose, cells were stained in monolayers following the description in sections 2.8 

and 2.9. Different magnifications were used with the aim of improved visualisation given the 

unexpected high cell density unexpectedly achieved for some cultures, that hindered the use of a 

higher magnification. For these cultures, DAPI staining was also used for allowing to distinguish 

between individual cells. 
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Flow cytometry was used to characterise the cells and demonstrate the presence of the TRPV4 channel 

expression on the cell membrane of human UC-MSCs and equine MSCs as explained in section 2.19. 

Isotype controls were performed to eliminate any signal due to unspecific binding of the secondary 

antibody. 

3.3.4 Magnetic activation of MSCs for chondrogenic differentiation 

Human BM-MSCs isolated from a commercially available aspirate following the protocol in section 

2.3.1, were used to test the chondrogenic potential of the cells with the aid of biochemical cues and 

with MICA activation. Cells were expanded until the desired number of cells and pellets were formed 

as described in section 2.3.7. All groups were cultured in the chondrogenic media detailed in section 

2.4. Unless otherwise stated, samples were cultured with 10% FBS. With the purpose of comparing 

the effects of mechanical activation of TRPV4 with the MICA technology and direct biochemical 

activation, some pellets were cultured with the TRPV4 agonist GSK101 as indicated in section 2.4.1. 

The experimental groups for this experiment are detailed in the Table 3-1. The specific groups were 

submitted to MICA stimulation for 1 hour in a 5/2 regime as specified in section 2.6 and were also 

compared to labelled groups under static conditions. 

 

Table 3-1. Human MSCs experimental groups tested for chondrogenic differentiation. 

Experimental groups 

Cells 

Cells + GSK101 

Cells + TRPV4 MNPs Static 

Cells + TRPV4 MNPs + MICA 

Cells + TRPV4 MNPs + MICA (1% FBS) 
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Pellet size was measured prior to fixation of the sample using the EVOS M5000 microscope by placing 

the pellet in a petri dish and manually delimitating the contour of the pellet to measure size of the 

total area. Samples were analysed at days 0 (24 hours after pellet formation), day 7, 10, 14 and 21. 

The analysis was based on the determination of cartilage markers production by histological 

processing as detailed in sections 2.7.2 and 2.7.4, by staining for collagen with picrosirius red (section 

2.7.8), GAGs with toluidine blue and alcian blue (sections 2.7.6 and 2.7.7), and MNPs iron content 

detection by prussian blue staining (section 2.7.9). Immunohistochemical detection of collagen II was 

performed according to the protocol indicated in section 2.9. The histological and 

immunohistochemical analysis was performed in 1 pellet per group and 3 sections of different depths 

of the pellet. The fluorescence signal from the immunohistochemical analysis was quantified using the 

Image J software as per detailed in section 2.9.5. 

3.3.5 Gene expression analysis of TC28 cells 

The chondrocyte human cell line TC28 was cultured for expansion purposes before monolayer 

formation as per stated in section 2.3.6. Samples were then labelled with TRPV4-MNPs in monolayer 

(section 2.5.3) and activated with the MICA bioreactor for 1 hour (section 2.6). The chemically 

activated group had the TRPV4 agonist added as detailed in section 2.23. All samples were kept in the 

incubator for 4 hours before processing following TRPV4 activation. Samples were then digested and 

RNA was isolated (section 2.15) and converted into cDNA (section 2.16). qRT-PCR was performed 

following the protocol indicated in section 2.17. This experiment was repeated 4 times for all groups 

studied, with the exception of experiment 4 that lacks the group of unlabelled cells MICA stimulated 

due to a constrain in the cell number. 

3.3.6 Statistical analysis 

Statistical analysis was performed as indicated in section 2.24. 
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3.4 Results  

3.4.1 Determination of MNPs hydrodynamic size and charge 

The properties of the particles (Nanomag COOH) were studied for size and charge given the 

importance these parameters have in the effective uptake of MNPs by the cells. The nanoparticle 

fabrication can be a highly variable process and often the commercially acquired particles of a defined 

size and charge can also vary.  With the aim of comparing the particles to the manufacture’s 

indications, particle characterisation was performed. In addition, the particle properties were also 

measured after surface modification by functionalising the particles and coating with TRPV4, with the 

aim of understanding the changes exerted in the particles properties.  

The hydrodynamic size of the commercially available MNPs was measured by dynamic light scattering 

principle that provided the hydrodynamic diameter (HD) of the MNPs. The particles were expected to 

have a diameter of 250 nm as stated per the manufacturer. Particles were characterised in dH2O at a 

concentration of 15 g/mL directly from the stock or after surface modification and coating with 

TRPV4 antibody. Unlabelled particles exhibited an average size of 256.2 nm ± 7.45 as expected for the 

indications of the manufacturer’s data (Figure 3-1). Surface modification with TRPV4 coating of the 

particles resulted in an increase of the hydrodynamic size being 380 nm ± 21 evidencing that the 

presence of the antibody in the surface membrane had an effect on the particle size. 

The zeta potential (ζ) is a measurement of the electrokinetic potential in colloidal systems and is an 

indicator of the aggregation or repulsion between the particles in suspension. High values of z 

potential for the same sign in a particle suspension generate forces that prevent from particle 

aggregation due to the generation of repulsion forces. Unlabelled particles charge was significantly 

higher (p<0.05) than the charge observed for MNPs labelled with TRPV4 indicating the higher stability 

of TRPV4-MNPs in suspension when compared to plain particles (Figure 3-1). 
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The poly dispersity index (PdI) measures the distribution of particle size in the solution. This is, the 

heterogeneity of the MNPs samples based on the measurement of the size. Being commercially 

available MNPs, the variability of the size distribution can be due to agglomeration of the MNPs in the 

solution. The agglomeration of the particles can occur if the charges of the MNPs are not strong 

enough to generate the electrostatic repulsion that stabilised the particles against aggregation (256). 

The PdI was obtained from the Malvern zetasizer instrument, and the values provided a range 

between 0-1, where lower values represent monodispersed solutions and higher values are indicative 

of agglomerations. Values lower than 0.05 are found in monodispersed samples and values higher 

than 0.7 are indicative of a broad size distribution in the sample (256). Table 3-2 indicates the PdI of 

plain particles being lower that coated particles, however, both index values are found in the range of 

normal size distribution values. 

Table 3-2. Polydispersity values of Nanomag particles unlabelled and labelled with TRPV4. 

Particle PdI 
Unlabelled MNPs 0.15 ± 0.04 

TRPV4-MNPs 0.36 ± 0.06 

U
n

la
b

e
ll
e
d

 M
N

P
s

T
R

P
V

4
-M

N
P

s

0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

H y d ro d y n a m ic  s iz e

M
N

P
 D

ia
m

e
te

r
 (

n
m

)

* * * *

U
n

la
b

e
ll
e
d

 M
N

P
s

T
R

P
V

4
-M

N
P

s

-1 5

-1 0

-5

0

M N P s  C h a rg e

Z
 P

o
te

n
ti

a
l 

(m
V

)

*

Figure 3-1. Surface modification of 250 nm Nanomag particles increases the hydrodynamic size and 

results in a more stable solution than plain particles. Hydrodynamic size and z potential was 

determined for commercially available particles alone and particles after surface functionalisation 

with TRPV4 in dH2O. Data are expressed as mean ± standard deviation, n=3 (technical repeats), 

*p<0.05, ****p<0.0001. 
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3.4.2 MNPs protein determination 

The surface modification process is a key element required for many approaches based on the in vivo 

delivery of MNPs. MICA technology requires the effective targeting of the MNPs towards specific 

membrane channels or proteins. This event is achieved via the linkage of antibodies with high binding 

affinity for the membrane targets and hence, the surface modification of the MNPs with antibodies is 

key for the technology to effectively work. The quantification of the bound protein was studied by 

Micro BCATM assay.  The protein quantification method is based on the reduction of Cu2+ to Cu+ by the 

presence of proteins in an alkaline medium producing a light blue-to-violet complex after detection of 

the Cu+ ions by the bicinchoninic acid. The colour change that is detected by the spectrofluorometer 

and the intensity is proportional to the amount of protein present in the solution. Functionalised and 

activated particles showed some levels of protein presence (Figure 3-2). MNPs activated and coated 

with the secondary antibody alone, had higher presence of protein and samples fully functionalised 

and coated with both primary (TRPV4) and secondary antibodies showed 0.9-fold when compared to 

the functionalised, MNPs, demonstrating the presence of antibody in the samples.  
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Figure 3-2. MNPs antibody coating was successfully performed. Protein quantified in MNPs activated 

with EDAC and NHS, activated MNPs coated with the secondary antibody and activated MNPs coated 

with secondary and primary antibody (n=3). Data are expressed as mean ± standard deviation.                                        
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3.4.3 Study of the cytotoxic effect of the MNPs 
 

The effect of MNPs on cell pellets was performed using hUC-MSCs labelled with TRPV4-MNPs, samples 

labelled with activated MNPs and compared to the viability of unlabelled cell pellets. The viability was 

measured using the PrestoBlueTM reagent that when added to the medium, is rapidly taken by the cells 

and the reducing environment of the metabolically active or living cells, converts the reagent into a 

red fluorescent dye that is measured by the spectrophotometer. The colour change is proportional to 

the amount of metabolic activity. Samples were analysed 24 hours after pellet formation and at 7, 10, 

14 and 21 days of culture (Figure 3-3).  No statistical differences were found among compared groups 

or time points. All 3 groups studied followed a similar tendency over culture time with an initial 

decrease of the metabolic activity followed by an increase after 10 days of culture that was maintained 

until the termination of the experiment. 
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Figure 3-3. Cell viability is not affected by the presence of MNPs. The metabolic activity was 

measured through the course of 21 days for every time point in n=3 samples per group. Data are 

expressed as mean ± standard deviation, n=3 (technical repeats and samples per group). 

 

The assessment of the viability on cultured 3D pellets can be hindered due to the dense nature of the 

samples and the impossibility for the reagent to reach the core. With the aim of analysing the viability 
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in the centre of the samples, sections of hUC-MSCs pellets were stained with Live / DeadTM assay and 

the proliferative marker Ki67. A positive control for the stain was generated with sacrificed pellets and 

was considered as 100% dead cells for quantification purposes (Figure 3-4).  

 

 

 

 

 

The combination of the Live / DeadTM stain together with the Ki67 proliferation marker allows for 

further understanding on the viability of the pellets constructs. This allows to visualise the commonly-

occurring cell death events occurring in the centre of the pellets, while at the same time visualising 

where the proliferations events are given on the constructs. Samples stained with Live / DeadTM 

showed less stain intensity on day 1 of culture, indicator of a lower presence of dead cells. Over culture 

time all groups were observed to have increased the population of dead cells with a clear tendency to 

locate in the centre of the sections (Figure 3-5). A notable difference was observed between day 1 

samples, showing small areas of dead cells in the most central regions that extended towards the 

periphery over the course of the experiment. The control group with cells only and pellets labelled 

with MNPs showed a small area of accumulation of dead cells towards the centre region of the pellet 

at day 14. Matching with the dead cells’ analysis, the location of the proliferation marker Ki67 was 

observed to be mainly in the periphery of the samples. The highest intensity of the stain was observed 

at day 1 of culture for control samples and samples labelled with MNPs, and was drastically reduced 

after 1 week until the termination of the experiment. Pellets labelled with TRPV4-MNPs showed higher 

Figure 3-4. Representative images of dead cells cultured in pellets. Bright field images of apoptosis-

induced pellet sections in A) bright field and B) sections stained with Live / DeadTM reagent showing 

saturation of the fluorescence signal. Higher intensity of the stain is an indicator of presence of dead 

cells. Scale bar = 200 m. 

(B) (A) 
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presence of the marker at days 7 and 14 of culture with nucleus of proliferative cells located in internal 

regions of the sections. Despite showing higher presence of the Ki67 marker than the other groups, 

the intensity of the marker also decreased with culture time showing similar levels than the studied 

groups by day 21. 

 

 

 

 

 

 

 

 

 

 

 

Live / DeadTM stain was quantified by Image J using the values obtained from dead pellets images as 

gold-standard positive controls (100% cell death). Quantification of the fluorescence images showed 

similar results to those visually observed with the exception of the cells only control, which showed a 

slight decrease of cell death over culture time. Nevertheless, great variation was found among samples 

from the same group (Figure 3-6). No statistical significance was found when comparing the different 
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Figure 3-5. Decreased proliferation over culture time. Representative immunohistochemical 

fluorescence images of 7 m hUC-MSC pellets at days 1, 7, 14 and 21 of culture. Live / DeadTM stain is 

shown as blue and Ki67 as red. 
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studied groups, however, samples labelled with unspecific MNPs reached 39% cell death on the first 

week of culture, and moderately decreased with culture time. Samples labelled with TRPV4-MNPs 

showed similar percentages of cell death over the duration of the experiment. 
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Figure 3-6. Quantification of the cell death showed similar levels for all groups and time points. 

Quantification based on the immunohistochemical fluorescence images of Live / DeadTM stained pellet 

sections contrasted to positive controls. Data are expressed as mean ± standard deviation n=3 

sections. 

The viability of MNPs was assessed on micromass culture of equine MSCs by the quantification of the 

metabolic activity with PrestoBlueTM reagent. For this study, different MNPs surface protein coatings 

used in Chapter 4 (TRPV4, TREK-1 and RGD), were used to examine the effect on cell viability. Given 

the duration of the micromass culture experiments, the time points measured were adjusted to days 

1, 3, 5 and 7. Initially all groups showed similar levels of activity that were slightly increased by day 3 

of culture and maintained for the following measurements (Figure 3-7). Significant differences were 

found among groups, with higher activity found for cells labelled with TRPV4-MNPs when compared 

to the control with cells only, for days 3, 5 and 7. Micromasses cultured with cells alone also showed 

significant lower metabolic activity than groups labelled with TREK-1 and RGD-MNPs. 
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Figure 3-7. No toxic effects found when labelling cells with MNPs regardless of the protein 

functionalisation. The metabolic activity was measured through the course of 1 week for every time 

point. Data are expressed as mean ± standard deviation n=3 samples per group (3 technical repeats). 

3.4.4 TRPV4-MNPs labelling efficiency 

High resolution microscopy was used to study the fate of the TRPV4-MNPs after labelling cells in 

monolayer (3 hours) and 48 hours post-labelling. Electron transmission microscopy images revealed 

MNP uptake for both time points, demonstrating the effective labelling of the cells (Figure 3-8). 

Samples imaged after labelling had initiated the internalisation process of the MNPs, however, some 

MNPs were observed to be located next to the cell membrane. Samples imaged 48 hours after 

labelling showed a clear process of vesicle formation with MNPs inside, apparently attached to the 

vesicle membrane. For the samples studied, 1-3 vesicles were able to be observed with internalised 

particles. These data were supported by prussian blue staining of MNPs iron shown in later sections. 
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3.4.5 MSCs characterisation 

The presence of the TRPV4 channel in human, equine and ovine MSCs and in human UC-MSCs was 

determined prior to initiation of activation experiments. TRPV4 expression was demonstrated by 

immunohistochemical staining of all the cell types seeded in monolayer for an improved visualisation 

of the marker (Figures 3-9, 3-10, 3-11 and 3-12). PCNA immunostaining was performed to ensure the 

adequate staining of the desired cell types prior to testing in pellet culture. DAPI was also use to better 

distinguish individual cells given the high confluence achieved for human and ovine MSCs. This was 

not necessary for equine MSCs and human UC-MSCs given the lower confluence.  
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Figure 3-8. Internalisation of MNPs observed immediately after cell labelling. Representative images 

of TEM hUC-MSCs labelled in monolayer with TRPV4-MNPs after labelling (3 H) and fixation and after 

labelling, culture for 48 hours and fixation. Different magnifications are stated in the left axis. 
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 The presence of the TRPV4 channel was evident for all cell types. The presence of the proliferation 

marker PCNA was also visualised for all samples imaged with an enhanced intensity of the stain 

gathered around the nucleus. 
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Figure 3-9. TRPV4 channel is found among hMSCs. Representative images of immunohistochemical 

staining of TRPV4 channel (shown in red), PCNA (green) and DAPI (blue) on hMSCs seeded in 

monolayer. Scale bars = 1000 m and 200 m. 

Figure 3-10. TRPV4 channel is present in ovine MSCs. Representative images of immunohistochemical 

staining of TRPV4 channel (shown in red), PCNA (green) and DAPI (blue) on oMSCs seeded in 

monolayer. Scale bars = 1000 m and 200 m. 
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Figure 3-11. TRPV4 channel is found among eMSCs. Representative images of bright field and 

immunohistochemical staining TRPV4 channel (shown in red) on eMSCs seeded in monolayer. Scale 

bars = 200 m and 100 m. 

Figure 3-12. TRPV4 channel is found among hUC-MSCs being present for all visualised cells. 

Representative images of bright field and immunohistochemical staining TRPV4 channel (shown in 

red) on eMSCs seeded in monolayer. Scale bars = 200 m and 100 m. 
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The presence of the TRPV4 channel was also assessed by flow cytometry analysis for human UC-MSCs 

and equine MSCs. As a control, the analysis was performed on a blank sample containing cells alone 

and an isotype control was used for the secondary antibody. Both human and equine samples 

presented some levels of auto-fluorescence for the secondary antibody Alexa Fluor 647 (Figure 3-13). 

For the determination of cells positive for the TRPV4 channel, a shortage was made in attempt to 

exclude those cells considered as positive due to the unspecific binding of the secondary antibody. For 

human UC-MSCs 85.94% of the cells tested positive for TRPV4 and in the case of the equine MSCs the 

positive fraction consisted of 77.25%. 
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Figure 3-13. TRPV4 channel is expressed in both human UC-MSCs and equine MSCs. FACS analysis of 

the TRPV4 marker in A) human UC-MSCs and B) equine MSCs. Results from unlabelled cells are 

referred as blank. The secondary antibody Alexa Fluor 647 is referred as isotype control and cells 

positive for the isotype control were attempted to be excluded for the TRPV4 positive population. 
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3.4.6 Human MSCs chondrogenic potential following MICA induction 

MICA technology was studied on human MSCs given their well-defined chondrogenic potential. The 

study was performed in 3D pellets containing cells and cell pellets labelled with TRPV4-MNPs cultured 

in high and low serum media with the aim of making a preliminary study for driving MSC 

chondrogenesis. For comparative purposes pellets were also cultured with the TRPV4 chemical agonist 

GSK101. The chondrogenic potential of the pellets was determined by histological staining of the 

samples for collagen and GAGs reveal. Immunohistochemical detection of collagen II was performed 

followed by quantification of the marker by Image J. 

The pellet size was analysed by manually measuring the pellet prior to fixation (Figure 3-14). Sample 

size was observed to decrease over culture time; with the exception of MICA activated samples in 10% 

FBS that showed a growth peak at day 10. All groups had similar sizes of the samples, with the 

exception of MICA activated samples cultured in 10% FBS that showed a discrete tendency of 

increased pellet growth. However, the opposite was observed for MICA activated samples in 1% FBS. 
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Figure 3-14. Pellet size decreased over culture time being higher for MICA activated samples in 10% 

FBS. Total area of the pellets manually delimited for all groups from donor 1 samples at all culture 

time points, n=1. 
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3.4.6.1 Prussian blue – MNPs detection 

The iron content of the MNPs was determined by prussian blue staining. Samples not labelled with 

MNPs did not show presence of the particles (Figure 3-15). All labelled groups exhibited presence of 

MNPs from initial days of culture until day 21 with no sign of loss or dilution of the MNPs. Samples 

cultured with 10% FBS showed some levels of MNPs agglomeration visualised as blue stained areas. 

This was not observed for the group cultured in 1% FBS, that showed a more homogeneous 

distribution of nanoparticles, which is visualised as a lower presence of blue areas given the spread 

disposition of the MNPs. There was a mild tendency of the clusters of particles to be located in the 

periphery of the sample for all groups studied. Despite the presence of MNPs aggregated in TRPV4-

MNPs samples cultured in 10% FBS, higher magnification pictures (results not shown) showed an 

evident spread distribution of the particles among the surface of the sections. 
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Figure 3-15. MNPs remain present after 21 days of culture. Representative images of Nanomag 250 

nm on 7 m pellet sections from hMSCs of at days 7 and 21 of cultured on A) samples not labelled 

with MNPs and B) samples labelled with TRPV4-MNPs. The iron content of the MNPs is stained in blue 

by using prussian blue. Scale bar = 100 m. 
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3.4.6.2 Alcian blue – sGAGs analysis 

The presence of sulphated GAGs was revealed by alcian blue staining of pellet sections from all groups. 

A low intensity of the stain indicated low production of sGAGs in the samples (Figure 3-16). Day 7 

sections showed a very discrete production of sGAGs. Control samples showed even lower production 

of the marker than all the compared groups. After 21 days of culture, the production of sGAGs 

increased for all groups with a higher evident production in samples stimulated with the TRPV4 agonist 

GSK101, and samples labelled with TRPV4-MNPs both in static and activated conditions, when 

cultured in 10% FBS. The stain was not homogeneously distributed on the surface of the sections, with 

lower sGAGs deposition on the central area of the pellets as appreciated for both time points studied. 

The pellet sections for samples cultured with TRPV4-MNPs and cultured in 1% FBS was damaged and 

hence part of the middle section was folded on the right corner showing a higher intensity of the dye 

due to the layering of the sample. 
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Figure 3-16. Moderately higher deposition of sGAGs in TRPV4 activated samples cultured in 10% 

FBS. Representative images of 7 m pellet sections of hMSCs cultured in 10% FBS and 1% FBS and 

stained with alcian blue for sulphated GAGs reveal at days 7 and 21 of culture. The higher intensity of 

the colour of the stain reveals the presence of GAGs in the sections.  Scale bar = 100 m. 
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3.4.6.3 Toluidine blue – proteoglycan detection 

Samples from all groups were stained with toluidine blue for evaluation of proteoglycan production 

at days 7 and 21 of culture. The presence of the chondrogenic marker is visualised by the appearance 

of a metachromatic purple coloration on the samples, while the cytoplasm is visualised as blue. A 

moderate production of proteoglycans after 7 days of culture was observed for all groups except the 

control group with cells only (Figure 3-17). The marker was mostly exhibited on the periphery of the 

samples and the distribution was not observed to be homogenous. After 21 days of culture the 

production of proteoglycans had increased for all groups with lower amount of metachromatic stain 

observed for the control. The distribution of the stain followed the same pattern as day 7, with the 

difference of increased areas on the periphery of the samples that showed proteoglycan deposition. 

TRPV4-MICA and GSK101 activated samples showed slightly enhanced production of the marker than 

all the compared groups.  
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Figure 3-17. Mechanically and chemically TRPV4 activated samples showed enhanced proteoglycan 

production. Representative images of 7 m pellet sections from hMSCs cultured in 10% FBS and 1% 

FBS and stained with toluidine blue for GAGs detection at days 7 and 21 of culture. The stain shows a 

purple colouring when bound to GAGs and a blue tone for the rest of the structures. Scale bar = 100 

m. 
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3.4.6.4 Collagen study 

The total collagen deposition in pellets was studied by picrosirius red staining. Collagen fibres are 

stained in red and the cytoplasm stains in yellow. Collagen production was clearly visualised from early 

time points for all sample groups with the exception of the control and TRPV4 MICA-activated samples 

cultured in 1% FBS (Figure 3-18). Both TRPV4 chemically and mechanically activated samples showed 

an enhanced deposition of collagen at day 7, with a homogeneous distribution among the surface of 

the section. An increased production of the marker was observed after 21 days of culture; however, 

MICA activated samples cultured in 10% FBS showed apparent lower production of the marker than 

observed for earlier time points. Samples labelled with TRPV4-MNPs under static conditions, and 

samples with GSK101, had enhanced collagen deposition when compared to any of the studied 

groups. The deposition of collagen was only observed to be moderately homogeneous for 

unstimulated TRPV4-MNPs labelled samples, however, lower production of the marker was observed 

on the centre of the section. The remaining experimental groups presented collagen stain localised 

mainly in the periphery of the sections. 
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Figure 3-18. Higher collagen deposition for TRPV4 static samples. Representative images of 7 m 

pellet sections from hMSCs samples cultured in 10% FBS and 1% FBS were stained with picrosirius red 

for collagen reveal at day 7 and day 21 of culture. Collagen fibres are shown in a red colour and the 

background in yellow. Scale bar = 100 m. 
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The production of the cartilage-specific marker collagen II was revealed by immunohistochemical 

staining of pellet sections. The presence of the marker was detected at early time points for all studied 

groups, with a discrete production for control and MICA-activated pellets cultured in 1% FBS (Figure 

3-19). In contrast, MICA-activated samples cultured in 10% FBS showed an enhanced production of 

collagen II when compared to all groups. The distribution of the marker was moderately even on the 

pellet sections; however, all groups had small spots of higher deposition of the marker. The presence 

of the marker appeared to be reduced after 21 days of culture for all groups, being barely observable 

in the cells only control group either by a remodelling of the ECM of the samples or most likely due to 

a technical issue with the antibody used or the staining technique The collagen II deposition for the 

remaining groups was observed to be discrete and had a less homogeneous distribution than observed 

for previous time points. 

 

 

 

 

The fluorescence from images from immunohistochemical analysis of collagen II was quantified by 

Image J. The quantification of the images matched visual observation of the samples with a decrease 

of collagen II with culture time. Control samples with cells, showed significantly lower deposition of 

the marker for all time points when compared to other groups (Figure 3-20). Higher levels of collagen 

II deposition were found among cells cultured with GSK101 and TRPV4-MNPs labelled cells (static and 
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Figure 3-19. Enhanced collagen II production for MICA activated samples in 10% FBS at early time 

points. Representative immunohistochemical fluorescence images of 7 m pellet sections of hMSCs 

at day 7 and day 21 for all groups cultured in 10% FBS and 1% FBS. Collagen II is shown red and DAPI 

stains nuclei in blue. Scale bar = 200 m. 
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MICA activated) cultured in 10% FBS. However, variation of the expression was found among these 

groups for several time points, with no clear trend being observed. MICA activated samples cultured 

in 10% and 1% FBS followed a similar expression pattern, with decrease of the marker deposition after 

14 days of culture, being higher the expression for samples cultured in 10% FBS. 
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Figure 3-20. Decrease of collagen II signal with culture time. Collagen II quantified data was obtained 

from 3 images of each group and quantified by Image J. Data is expressed as the mean ± standard 

deviation, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 

 

3.4.7 Chondrogenic early transcription factor study 

The effects of TRPV4 mechanical (MICA) and biochemical (TRPV4 agonist) activation were studied on 

the chondrocyte human cell line TC28. The early expression transcription factors known to be related 

with chondrogenesis were measured 4 hours after TRPV4 stimulation or 4 hours’ post-incubation, for 

labelled and unlabelled samples under static and dynamic conditions. The transcription factors studied 

were selected according to a previous study by our collaborators Dr. Steven Woods and Prof. Sue 

Kimber, where JUN, MAFF NFATC2 and RCAN1 showed a high response following GSK101 activation, 

and SPP1 and BTG2 reported to have a low activity. 
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The gene expression analysis revealed as expected higher expression of JUN, MAFF and RCAN1 for the 

TRPV4 activated samples with shared results for experiments 1 and 2 (Figure 3-21). Despite the same 

trend was observed for experiments 3 and 4, some variability was observed on the expression 

response with an increased expression for the control group. NFATC2 and SPP1 expression showed 

lower activation of the transcription factors for all groups, with an increased activation in experiment 

4, for both cases.  BTG2 expression was statistically higher for MICA activated samples for experiments 

1 and 2 and differences were reduced in experiments 3 and 4, which were observed to present some 

variability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-21. Chondrogenic transcription factors were activated for TRPV4 activated samples with 

GSK101 or MICA stimulation, with little variation across experiments. qRT-PCR performed on 

monolayers of TC28 cells 4 hours after activation. Experiments were replicated 4 times with one group 

missing for experiment 4. Results expressed as relative expression to GAPDH.  Data are expressed as 

mean ± standard deviation, n=5 (n=3 technical repeats), *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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3.5 Discussion 

Particle design and surface modification highly influence the properties of the MNPs (175). This is of 

special importance when using the particles for clinical therapies due to the contact of cells with 

systemic circulation and the targeted tissues. More specifically, the particle size impacts the magnetic 

properties, key for some applications such as magnetic hyperthermia,  MRI or magnetic activation 

(257). Commercially available 250 nm Nanomag MNPs were used for all experiments during this work 

to ensure the homogeneity of the particle sizes and the superparamagnetic properties required for 

the magnetic activation conducted for this work. Regardless of the specified manufacturer 

information it is important to characterise the particle properties prior to initiation of any 

experiments. The dynamic light scattering measurement of the hydrodynamic size was in accordance 

with the manufacturer’s specifications. Surface modification of the particles also introduces changes 

in the particles properties by the formation of a “corona” of antibodies, as demonstrated by changes 

in the hydrodynamic size following the coating of the particles with TRPV4 antibody (258). A further 

study on the particle size under the influence of FBS , that is reported to form a corona and increase 

the particle size, would have been beneficial for the understanding of the differential effect of MNPs 

on samples cultured in high and low concentration of FBS (259). 

The size and the bioactivity properties of the MNPs can also change due to particle aggregation (260). 

Aggregation events often occur due to the lack of electrostatic charge that maintains particles 

separated due to repulsion forces, or by covalent binding of the coating biomolecules. Moreover, 

particle aggregation can affect the uptake efficiency by the cells. Despite the surface modification of 

the coated antibody, the charge of the particles was not reduced, but on the contrary, slightly 

increased giving the solution a higher stability. This effect was attributed to the stability brought by 

the carbodiimide chemistry coating of the particles that produces stable antibody-MNPs conjugate 

complexes. 
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Surface characterisation of the particles plays a crucial role for in vivo delivery of MNPs. Particles 

exceeding the 200 nm size are often phagocytised by the macrophages hence, modification of the 

surface properties can achieve for the particles to remain longer time in systemic circulation until 

reached the target tissue (261). Surface modification of the particles requires for a series of reactions 

that initiate with the activation of the particles by carbodiimide coating followed by antibody binding. 

The surface functionalisation generates specific antibody orientation due to the packing density, 

leading to the antigen binding domain of the antibodies to be oriented away from the particles 

increasing the probability of binding the antigen (262). Particles were coated with an excess of 

antibody in order to ensure the saturation of the MNPs surface with the antibody. Protein 

quantification demonstrated the presence of the protein in the samples, measured in accordance with 

the amount of antibody supplied to samples labelled alone with the secondary antibody, and samples 

labelled with both the primary and secondary antibody. The discrete difference of the protein found 

among coated samples, compared to the total amount of antibody used for the coating was hence a 

result of the excess of protein supplied to the particles, to ensure all available surface was covered. 

Protein levels found among uncoated samples were attributed to the reagents used during the 

activation of the particles interfering in the assay. 

Despite the abundancy of studies performed on toxicity of MNPs for biomedical applications, the high 

amount of factors influencing the toxicity makes it essential to assess the cytotoxicity for every 

individual study (263). Iron oxide particles have been reported to be non-toxic for injectable therapies, 

however, the biodegradation of the particles generates metal ions that can generate toxicity events 

such as oxidative stress or inflammation (245,264). Moreover, the MNPs could potentially lead to the 

generation of reactive oxygen species (ROS) that generate DNA damage and toxic effects on the cells 

affecting the metabolic activity and the proliferation of the cells (265). The toxicity of the MNPs used 

for this work was tested for all different forms of culture by measuring the metabolic activity. An initial 

lower activity was observed by the first week of culture, followed by a tendency towards an increased 



131 
 

metabolic activity after day 7 of culture. The observed data would match with current literature 

reporting a decrease of the proliferative and metabolic activity of cells when undergoing 

differentiation events (266,267). Nevertheless, the reagent used for the metabolic assay was thought 

to only be able to penetrate into the pellets for early time points, given the solid and compact structure 

obtained due to matrix deposition. The evaluation of the proliferation in pellet sections allowed for 

the examination of the complete depth of the pellets with a suspected higher tendency for dead cells 

to locate in the deeper areas of the pellet. Necrosis in the centre of the pellet has been widely reported 

in the scientific community specially for larger pellets (268–270). Moreover, the proportion of dead 

cells on each group indicated a similar ratio of dead cells after the first week of culture, which was 

attributed to difficulties for nutrient and oxygen to reach the core of the samples. Nevertheless, 

proliferative events were continued along the culture time for cells labelled with TRPV4-MNPs 

following MICA activation. Hence, it was hypothesised that cell death was not due to the MNPs 

presence and MICA activation can positively influence cell proliferation. 

Internalisation of MNPs occurred within 3 hours of labelling the cells with MNPs. Reduced metabolic 

activity over the first day of culture would also be a direct consequence of the reduced activity of the 

cells due to the phagocytosis events. The regulation of the channel trafficking is key for the regulation 

of the channel activity and the mechano-sensitive role. Mechanical stress is a regulator of TRPV4 

activity known to trigger the rapid exocytosis of the receptor (271). Moreover, activation of TRPV4 

with the agonist GSK101 has been reported to increase the [Ca+2]i within the first-minute after 

activation due to channel transport to the membrane. After 30 minutes the channel is known to 

recycle and internalise, a process required for the downstream signalling events (250). The formation 

of vesicles was observed in both TEM images taken 3 hours and 48 hours after MNP incubation. The 

internalised particles were observed to be attached to the vesicle membrane. This could potentially 

be due to particles tagged to the TRPV4 channel being internalised together with the receptor, 

following the activation exerted by the specific tagging of the particles to the mechanotransductive 
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domain of the channel. A further study fluorescently labelling the channel would allow for a better 

understanding of the channel trafficking. Nevertheless, the visualisation of MNPs taken by the cells 

was able to be demonstrated by TEM images.  

The TRPV4 channel has been described to be present in a variety of tissues such as cartilage, heart, 

kidney, sensory neurons or liver (135). Regardless of the broad evidence of TRPV4 presence and role 

in MSCs mechanotransduction, immunohistochemical detection of the channel was performed to 

determine the presence of TRPV4 for all cell types used for this work (165,272). TRPV4 was effectively 

detected in human, equine and ovine MSCs and in human UC-MSCs. This data was also supported by 

flow cytometry analysis in hUC-MSCs and equine MSCs with a high proportion of the population 

expressing the channel, satisfying the needs for the TRPV4 targeting work. 

Human MSCs potential for chondrogenic differentiation has been the focus of many studies for 

cartilage regeneration tissue engineering approaches (55,70,273,274). The in vitro study of 

chondrogenesis is often performed in 3D culture. This protocol began to be performed after 

demonstration that chondrocytes were not able to retain the phenotype in 2D culture (275,276). 3D 

culture of dedifferentiated chondrocytes or MSCs has been observed to form constructs that resemble 

more to in vivo chondrocyte phenotype due to the formation of a micro-niche within the cell pellet 

(277). Human MSCs chondrogenic potential was assessed hence, using a 3D pellet culture model. The 

addition to culture media of chondrogenic-inductive factors successfully guides cells towards 

chondrocyte differentiation nevertheless, many authors expose the need for additional stimulation 

for an adequate chondrogenic differentiation (278).  This work aimed to test the potential of the MICA 

technology to achieve a construct with a quality resembling to that of native tissue. The preliminary 

study conducted on human MSCs showed that culturing the cells with chondrogenic media alone was 

not sufficient to achieve a satisfactory level of chondrogenesis. Histological analysis of the samples 

evidenced the low deposition of cartilage-like markers. The stimulation of the TRPV4 channel, 

biochemically with GSK101 or mechanically with TRPV4-MNPs resulted in an improved chondrogenic 
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response with higher deposition for all examined markers. More interestingly, it was also observed an 

early production of the marker deposition if compared to those samples cultured in chondrogenic 

media. Samples containing unstimulated TRPV4 MNPs-labelled cells also showed an improved 

chondrogenesis than control samples. This was attributed to the side effect caused by targeting the 

MNPs into the mechano-sensitive domain of the channel. The collagen II analysis showed an enhanced 

production of the marker for the TRPV4-stimulated samples that was dramatically reduced after 2 

weeks of culture. As only 1 pellet was available for this test, the analysis could not be repeated and 

hence it was hypothesised to be an isolated issue generated by either remodelling of the pellet 

structure or a user-related error. 

The initial study of the MICA effect on chondrogenic transcription factor activation revealed elevated 

expression for TRPV4 activated samples for those transcription factors related to chondrogenesis. JUN 

has been described to have a role in the signalling pathway of chondrocytes following mechanical 

activation (279) and MAFF has been involved in chondrocyte differentiation (280). RCAN1 was also 

observed to be elevated for TRPV4 activated samples matching previous literature (281), however, 

the expression of NFATC2 was expected to follow a similar trend due to the tight relation of both 

factors. RCAN1 and NFATC2 act together regulating the calcineurin synthesis required for IL-2 

activation (282). The expression of the anti-proliferation factor BTG2, was down-regulated together 

with the expression of SPP1, a transcription factor controlling bone osteopontin activity. This results 

were in line with our collaborators expression panel observed following TRPV4 activation with GSK101 

(281). Nevertheless, a further study of the transcription factors expression time lines and activated 

signalling pathways, and the relation to chondrogenic events could throw some light into this 

preliminary results. RNAseq was performed on these samples with the aim better understanding the 

events following TRPV4 mechanical and chemical activation (Supplementary figures 1 and 2). 
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3.6 Conclusions 

The experiments conducted for this work required an initial characterisation of the MNPs and the 

stem cells studied.  Commercially obtained 250 nm Nanomag particles met manufacturer’s 

specifications. The surface modification of the particles with antibody coating, had an impact on the 

particles properties. Despite the increase observed in the hydrodynamic size, the particle suspension 

was found to be slightly more stable than plain particles, being beneficial for this work’s application. 

The cytotoxicity study of the MNPs was performed for all forms of culture with no observed effects 

on the metabolic activity of the cells. Nevertheless, the proliferation of the cells was reduced with 

culture time and a longer study would be required to assess if the reduction was due to differentiation 

events or was a temporary effect. However, it is safe to conclude that the MNPs used for this study 

did not interfere with the proliferation or differentiation of the cells. 

The MICA technology that will be used during this work, required the presence of the TRPV4 channel 

in the cell membrane of several cell types. TRPV4 was successfully demonstrated to be expressed in 

the cells employed during this work. In addition, the chondrogenic potential of hMSCs was tested for 

comparative purposes with other cell types. The culture of cells with chondrogenic media alone was 

not sufficient to induce cartilage-markers adequate production. Further experiments will focus on 

enhancing the chondrogenic differentiation by using the MICA activation of the cells. 
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4.1 Introduction 

Cartilage repair has often been the target of stem cell-based therapeutic approaches. The selection of 

MSCs as a cell source for tissue engineering applications, is based on the immunomodulatory potential 

of the cells and the chondrogenic ability widely demonstrated in vitro and in vivo (283,284). 

Nevertheless, in vivo studies often encounter difficulties in achieving regenerated tissue with the 

structural and functional demands of healthy tissue (285). In addition, the tissue formed is often 

classified as fibrocartilage and has a tendency to degrade over time, introducing the need for a second 

follow-up procedure (286). 

The lack of vascularisation hinders the systemic repair of the tissue, which is exposed only to the niche 

microenvironment. Current available approaches focus on the symptom relive until the level of 

degeneration hinders the autonomy of the patient, or until they reach the appropriate age for knee 

replacement. Although surgical joint replacement often reports good outcomes, the implants usually 

last around 15 years, introducing the need for a second surgery (287,288). The lack of long term and 

non-invasive treatments has led a gap for the scientific community to investigate for an approach that 

can fulfil the current medical needs.  

Despite most current novel approaches point towards the use of stem cells for cartilage repair, none 

of this approaches has seen the approval of the European Medicines Agency (EMA). Regardless of the 

potential of these approaches, broad evidence of safety and efficacy needs to be delivered in order to 

obtain either a use or commercialisation authorisation. Moreover, and despite the great amount of 

ongoing clinical trials based on intra-articular injection of MSCs, an innovative idea is also essential for 

approval of the treatment (289,290). These requirements, in addition to the need for the novel 

approach to be able to demonstrate higher benefits than current approaches, greatly hinder the 

development on novel treatments for OA repair. With this in mind, our group has developed a novel 

strategy for remote repair of the cartilage focused on the mechano-transductive potential of MSCs. 
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Previous studies have used targets such as Wnt, TREK-1 or RGD mostly for bone repair, with exciting 

results at promoting the successful differentiation towards the osteogenic lineage (220,224). The 

potassium channel TREK-1 controls the cell excitability and membrane potential and, therefore, has 

been widely studied for its role in the central nervous system (291). The RGD peptide has also been 

used to activate the receptor ligand of the integrin receptor 51. This receptor has been identified 

as a cell adhesion site, and has been targeted for activation for several applications such as improving 

cell adhesion into scaffolds for osteogenic differentiation, or enhancing proliferation and tissue 

growth on scaffolds (292,293). Regardless of the evidence suggesting the role of these receptors in 

mechanotransduction, the effects on driving MSCs chondrogenic differentiation have not been yet 

examined. 

Unlike RGD and TREK-1, the non-selective cation channel TRPV4  has been widely described to play an 

essential part in chondrogenesis (1,171). The channel is expressed in chondrocytes and has been 

described as a regulator of the chondrogenesis and also has a role in the maintenance of healthy adult 

cartilage (281). TRPV4 activation induces the activation of downstream signalling events that trigger 

SOX9 expression that controls the expression of collagen II and aggrecan. In vitro activation of the 

receptor has been achieved by delivery of mechanical forces, such as low ultrasound or tensile 

strength, and by chemical activation with the TRPV4 agonist GSK101 resulting in SOX9 expression 

(165,294,295). Given the implication of TRPV4 in the formation and the maintenance of the healthy 

tissue, the increased expression of the channel observed in OA patients is surprising (296), however, 

it has been hypothesised that other pathways are involved in this process (164).The activation of SOX9 

expression by TRPV4 is mediated by the Ca+2 / calmodulin signalling pathway, which commences with 

the C-terminal domain of the ion channel, and is directly responsible of the alterations of the 

intracellular [Ca+2] that lead to intracellular signalling pathways (145).  

The TRPV4 signalling pathway has also been studied in relation to TGF- pathway. TGF- is a growth 

factor known to play an essential role in the cartilage formation, and is also related to mechanical 
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loading and calcium signalling (297,298). This growth factor is secreted as an inactive protein that 

binds the type I and type II TGF-cell surface receptor, with the subsequent formation of an active 

complex that leads to the phosphorylation of the transcription factors SMAD2/3, which in turn interact 

with SMAD4. The formation of the SMAD2/3-4 complex triggers the decondensation of the chromatin 

with subsequent gene transcription activation (281,299). TRPV4 and TGF- have been associated by 

the enhancement of the TGF- signalling pathway following the activation of the ion channel (281). 

Nevertheless, the activation of the TRPV4 channel is subject to tight control and small alterations in 

the channel activation, resulting in repression of the TGF- signalling pathway, are needed for initial 

chondrogenic differentiation and avoidance of the hypertrophic phenotype (300). 

Several studies have focused on the mechanical activation of the channel by delivering mechanical 

stresses to the cells, and observed an increased chondrogenic activity with enhanced matrix 

deposition, increased cartilage-like gene expression, in addition to anti-inflammatory effects 

(167,301,302). Nevertheless, delivery of mechanical stresses at a tissue or cellular level, can 

potentially lead to activation of unspecific receptors with unknown effects on the cells. Moreover, 

often the mechanical activation is delivered directly to a scaffold, and difficulties have been 

encountered when aiming to translate the mechanical forces to a cellular level. The MICA technology 

allows for specific activation of the cell elements, being able to individually target the desired receptor. 

Introducing the selective activation of TRPV4 with MNPs, could enhance the chondrogenic 

differentiation of cells, without introducing the risk for unspecific target activation.   

Cartilage tissue engineering approaches aim to generate tissue constructs that match the functional 

and anatomical structure of the native cartilage. Despite the advances achieved by introducing the 

use of scaffolds and mechanical stimulation into these applications, researchers often find that newly 

formed tissue does not fulfil the load-bearing requirements of the original tissue, and fails to meet the 

criteria for being considered functional cartilage. One of the fundamental elements to achieve the 

required mechanical functionality is the development of the ECM. Cartilage ECM is primarily 
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composed of collagen type II and a proteoglycan network containing GAGs among others and is under 

constant renewal by degradation of the matrix with metalloproteinases and regeneration by the 

resident chondrocytes. Moreover, the ECM plays a role regulating the chondrocytes’ functions by the 

signalling events promoted by the cell-matrix interaction (303). The loss of the ECM native structure 

results in a loss of the functionality as observed with the progression of OA (304). Hence, the difficulty 

of the cartilage tissue engineering resides on the adequate fabrication of a stiff matrix, that gathers 

the load distribution and compression resistance qualities present in the native tissue. 

With the aim of analysing the quality of the cartilage matrix achieved through tissue engineering 

applications, many studies base the classification of the cartilage ECM properties in the histological 

analysis of the constructs. The histological assessment of the tissue and the grading of the construct 

anatomical aspects, is broadly used as a scoring system of the cartilage quality allowing for comparison 

among different studies (36,305). Despite the constant improvement of the scoring matrix and the 

advantages brought by visual observation of the tissue structure, the possibility of quantifying the 

chondrogenic activity could improve the inter-study comparison of the chondrogenic potential. During 

the progress of this work, histological analysis of the samples has been used as the main method for 

visualisation of the ECM components for most of the studied cells. Nevertheless, the possibility of 

using collagen II reporter eMSCs by the expression of the GFP-Col2 and the Luciferase-Col2 promoter, 

introduced the possibility of using an additional method to measure and quantify the chondrogenic 

activity of MSCs under different experimental conditions. 

The work conducted in this chapter is an initial approach to the MICA technology. With the objective 

of stablishing novel targets for the remote magnetic activation of MSCs for guiding chondrogenic 

differentiation, several membrane proteins were tested under different culture conditions. The work 

of this chapter is divided into two parts. Firstly, an initial study of the pharmacological targets for MICA 

technology was performed using the reporter eMSCs to measure the chondrogenic activity. The 

second part of this chapter was focused on responding to the questions raised by the initial work, with 
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the aim of optimising the MICA technology for future work. For this part of the work oMSCs were used 

as a tool for comparative purposes with previous work performed by our group in bone regeneration 

in a pre-clinical animal model.  

4.2 Aims 

The aims of this chapter were: 

 To assess the best therapeutic target for driving chondrogenic differentiation with the MICA 

technology 

 To examine the effect of TGF- in the TRPV4 transduction pathway 

 To quantify the level of chondrogenesis induced by the MICA technology with a cell reporter 

system and through in-depth histological analysis 

 To optimise the MICA technology for future work in human cells 

4.3 Methods 

4.3.1 Experimental design: Part I 

The work of this chapter is divided in 2 sections. For the part 1 of the chapter, adipose-derived reporter 

equine MSCs were used, kindly gifted from Dr. Glyn D. Palmer (University of Florida). Two different 

cell lines were used, a GFP-Col2 reporter cell line constitutively transfected with d-Tomato, and Col2-

Luciferase cells with a control cell line referred as cytomegalovirus (CMV)-Luciferase, with constitutive 

expression of luciferase. 

Cells were cultured and expanded as explained in section 2.3.3, labelled and cultured as micromasses 

in 12 well-culture plates (sections 2.5 and 2.3.6). The fluorescence emitted by the cells was directly 

proportional to the collagen II expression and was closely monitored by fluorescent microscopy on a 

daily basis, and imaged after micromass formation and at days 7, 10, 14 and 21. Micromasses often 

showed accelerated growth and cell detachment from the well plate and hence, some experiments 
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were terminated after 14 days of culture. Cells were also cultured as 3D pellets following the protocol 

in section 2.3.7 and samples were cultured for 21 days with the exception of experiment 2, which 

aimed to analyse the effect on chondrogenesis over longer culture periods (28 days). Labelled samples 

received stimulation as per indicated in section 2.6. The metabolic activity measurement was 

performed following the protocol in section 2.10.1. 

The experiments performed during this chapter were adapted and optimised according to the initial 

experimental findings. The layout of the design for each experiment is indicated in table 4.1. Each 

experiment is referred to both micromass and 3D pellet culture, however, the analysis was divided 

between both forms of culture according to the test requirements. 

Table 4-1. Experimental conditions of the eMSC study performed in pellets and micromasses. 

 
Experiment 1 Experiment 2 Experiment 3 

Aim MNPs target assessment 
MICA and TRPV4 effects 

in chondrogenesis 
Collagen II production 

quantification 

Cell type GFP-Col2 GFP-Col2 Col2-Luciferase 

Analysis 
Fluorescence imaging 

Histology 
PCR 

Fluorescence imaging 
Histology 

PCR 
DMMB / Pico Green 

Luciferase detection 
Histology (Not shown) 

Metabolic activity 

 

4.3.2 Collagen II tracking 

The Col2-GFP follow-up was performed using the Nikon Eclipse Ti-S for experiment 1 and the Cytation 

5 microscope for experiment 2. Images were taken when visual changes were observed. Samples from 

experiment 1 were cultured in chondrogenic media, detailed in section 2.4, with and without TGF- 

in order to assess the effect of MICA on a less chondro-inductive environment. For experiments 2 and 

3 the same chondrogenic media was used with all the differentiation factors added. For experimental 

purposes, samples were studied with and without magnetic field. 
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4.3.3 Histological and immunohistochemical analysis 

Histological processing of the micromasses and pellets was carried as indicated in sections 2.7 and 2.8. 

Samples were stained with alcian blue for sGAG reveal (section and 2.7.7), picrosirius red for collagen 

detection (section 2.7.8), safranin O as a cartilage stain (section 2.7.10) and prussian blue for MNPs 

visualisation (section 2.7.9). Samples were imaged using the EVOS XL microscope. 

Pellets were sectioned and processed (section 2.7) and immunohistochemical analysis of the 

proliferation marker PCNA and the presence of TRPV4 were evaluated following indications in section 

2.9. Samples were imaged using the Cytation 5 microscope. 

4.3.4 Primer optimisation and gene expression 

Gene expression analysis was performed on pellets from experiments 1 and 2 following the protocol 

detailed in sections 2.15, 2.16 and 2.17. Pellets were collected at days 0, 7, 10 and 21 and digested 

and stored at -80 °C until the termination of the experiment. As primers were customised, 

optimisation was made prior to use in order to find the adequate melting temperature and ensure the 

lack of dimers presence. This was done by running the amplified products in an agarose gel as 

explained in section 2.18 (results not shown). Samples were found difficult to digest for time points 

later than day 7 and were manually disaggregated with the aid of a pestle prior to RNA extraction. For 

the gene expression analysis 4-5 samples from each group were measured in triplicates. 

4.3.5 DNA and sGAG analysis 

The determination of the total amount of DNA present in the pellets from experiment 2 was quantified 

by Pico GreenTM assay following the protocol on section 2.14. Total sGAGs present in the pellets were 

quantified by DMMB as detailed in section 2.13. Both assays were performed in triplicates with 3 

technical repeats. The sGAGs were normalised to each sample’s DNA amount. 
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4.3.6 Luciferase detection 

For experiment 3, cells transfected with a luciferase reporter linked to collagen II expression were 

used. The cultured samples received a media change 24 hours prior to obtaining the sample for the 

quantification. A control group with the CMV/ Luciferase cell was cultured and treated in the same 

conditions. The secreted metridia luciferase was measured on days 7 and 14 of culture in 3 samples 

per group and 3 technical repeats, and results were normalised to the CMV-Luc constitutive 

expression reporter cells. The secreted metridia luciferase was measured with the Takara Ready-To-

GlowTM kit as described in section 2.22.  

4.3.7 Experimental design: Part II 

The second part of this chapter was performed as an optimisation study after the chondrogenic 

evaluation of the first part of the chapter. For those question left unsolved, further experiments were 

designed. During this work, the cells used were ovine MSCs supplied by Dr. Hareklea Markides and 

chondrocytes isolated from ovine knees as per detailed in section 2.3.2. Chondrocytes were used 

directly following cell seeding for expansion after extraction, and also in a dedifferentiated state at 

passage 4-5. The chondrogenesis was studied in a 3D pellet culture system, following the protocol on 

section 2.3.6. Cells were studied alone or labelled with MNPs coated with TREK-1 and TRPV4 

antibodies (section 2.5). The samples were cultured in chondrogenic media detailed in section 2.4., 

and some groups were cultured in chondrogenic media without TGF-. Samples were cultured for a 

duration of 21 days and pellets were collected after 1, 7, 10, 14 and 21 days of culture. The samples 

containing MNPs were stimulated 1 hour per day and 5 days a week as per detailed in section 2.6. 

4.3.8 Histological and immunohistochemical assessment 

The chondrogenic performance was mainly evaluated by conventional histological staining of the 

sectioned pellets following the protocol in section 2.7. Samples were stained for collagen detection 

with picrosirius red (section 2.7.8), safranin O (section 2.7.10), proteoglycan detection with toluidine 
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blue and alcian blue (sections 2.7.6 and 2.7.7) and iron detection of the MNPs with prussian blue 

(section 2.7.9). The sections stained with picrosirius red were imaged under a polarised microscope to 

evaluate the collagen alignment. Samples were imaged using the EVOS XL microscope. 

Immunohistochemical analysis was performed following the protocol in section 2.9, using the DAB kit 

according to the manufacturer instructions for collagen II and aggrecan reveal, and the corresponding 

antibodies for PCNA evaluation of the proliferative state of the samples (results not shown). Samples 

were imaged using the Nikon Eclipse Ti-S microscope. 

4.3.9 Molecular analysis of chondrogenesis 

Pellets were digested at the mentioned time points following the protocol in section 2.15. Samples 

were left in a sonicator with iced water for 2 hours and then manual mechanical disruption was 

performed due to the difficulties encountered digesting the samples. Gene expression of Acan, Col2a1 

and Sox9, was evaluated by qRT-PCR (section 2.17). 

4.3.10 Statistical analysis 

Statistical analysis was performed as indicated in section 2.24. 
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4.4 Results 

PART 1 

4.4.1 Determination of possible chondro-inductive targets for the MICA 

technology 

The MICA potential for guiding chondrogenic differentiation was assessed for 3 pharmacological 

targets: RGD, TREK-1 and TRPV4. The chondrogenesis was studied in collagen II-reporter eMSCs 

cultured as micromasses and assessed by visual observation of the fluorescence emitted for each of 

the groups, which is directly proportional to the collagen II expression. The cells were constitutively 

transfected with a dTomato dye and imaged at early time points to ensure the adequate transfection 

of the cells (Figure 4.1). 

 

 

 

 

 

 

 

 

 

With the aim of initially assessing the effects of MICA activation on different receptor tags, cells were 

cultured in basic media for 21 days. Magnetic stimulation was only applied to the samples labelled 
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Figure 4-1. dTomato markers observed in eMSCs indicate successful transfection of the GFP-Col2 

reporter. Representative images of eMSCs cultured in chondrogenic media at day 2 of culture. The 

visualisation in the micromasses of the dTomato marker (red), and the lack of GFP (green), indicate 

that cells were transfected correctly and GFP expression is solely controlled by the collagen 2 

promoter. Scale bar = 300 m. 
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with MNPs. Culture of the micromasses without the presence of biochemical cues was observed to be 

insufficient for relevant collagen II production for any of the studied groups (Figure 4-2). Micromasses 

labelled with TRPV4-MNPs showed slightly higher fluorescence than the other groups, however, none 

of the groups showed chondrocyte-like cell morphology at higher magnifications (results not shown). 

Regarding the disposition of the micromasses, only TRPV4 activated samples showed small formation 

of pellets. The remaining experimental groups formed sheets of cells that lost partial attachment to 

the well plate. 

 

 

 

 

 

 

Micromasses were also cultured in chondrogenic media without one of the key differentiation factors, 

TGF-3, in order to see the potential of MICA activation. Samples were imaged at several time points, 

with changes being clearly appreciated every 7 days. Micromasses cultured with no MNPs showed 

lower collagen II production than all compared groups, however, some signal was detected after 3 

weeks of culture (Figure 4-3). MNPs-labelled samples showed a moderate amount of collagen II 

expression with earlier and higher detection of the marker for TRPV4 activated cells, for all time points 

compared. TREK-1 activated samples showed similar results to those observed for TRPV4, with slightly 

lower fluorescence intensity, and RGD-labelled micromasses showed collagen II production levels 

more akin to those of the static control. For all groups, the micromasses appeared to have formed 
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Figure 4-2. Culture of samples in basic media is not sufficient for chondrogenic induction after 21 

days of culture regardless the magnetic activation. Representative images of eMSCs micromasses 

viewed as aggregated cell structures, cultured for 21 days in expansion media. Scale bar = 300 m. 
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smaller forms of cell aggregates similar to pellet formation, being observable the GFP signal for the 

mentioned pellets and not the individual cells in monolayer. 

  

 

 

 

 

 

 

 

 

 

 

The same groups were cultured in chondrogenic media under static conditions (control group with no 

MNPs), and MICA activation for those samples containing particles. The control static sample showed 

little signs of collagen II expression for all time points with similar levels of fluorescence after 21 days, 

to those observed for samples cultured in basic media (Figure 4-4). Interestingly, the expression of 

collagen II was detected at later time points than observed for the incomplete chondrogenic media, 

with fluorescence signal beginning to show by day 14. Nevertheless, the collagen II expression peaked 

by day 21, with higher expression than previously observed for all groups labelled with MNPs. 

Matching previous findings, samples labelled with TRPV4-MNPs showed enhanced collagen 

production when compared to other groups, followed in intensity signal by cells labelled with TREK-1.  
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Figure 4-3. Regardless of the lack of TGF- TRPV4-labelled samples showed early expression of 

collagen II at day 10. Representative images of eMSCs micromasses at days 10, 16 and 21 of culture. 

Samples were cultured in chondrogenic media without TGF-. Scale bar = 300 m. 
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The levels of collagen production were also assessed in pellet sections in an experiment replicating 

the same culture and experimental conditions but using picrosirius red. Sections corresponding to day 

2 of culture did not show collagen production for any of the groups, with the exception of TREK-1, 

which showed a small area with a red coloration (Figure 4-5). After 16 days of culture, all samples 

labelled with MNPs cultured in both complete chondrogenic media and media without TGF-, showed 

an irregular collagen deposition. Among the MICA activated groups, RGD produced the lowest amount 

of collagen, as previously observed in the fluorescence analysis. Similar results were observed 

between TREK-1 and TRPV4 activated samples for both culture conditions. Interestingly, with the 
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Figure 4-4. TRPV4 labelled samples showed enhanced collagen II production at day 21 of culture. 

Representative images of eMSCs micromasses at days 10, 16 and 21 of culture. Samples were cultured 

in complete chondrogenic media. Scale bar = 300 m. 
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exception of the control, samples cultured without TGF- had slightly higher collagen production than 

samples cultured with the complete media.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene expression analysis of the cartilage ECM markers, Col2a1 and Acan, was measured on pellets 

after 2 and 16 days of culture. The expression of both markers was relatively low, so results are 

expressed in fold change relative to a control sample cultured in basic media. The analysis revealed 

significantly higher expression in TRPV4 activated samples cultured in chondrogenic media without 

TGF- for all time points and genes measured except for the aggrecan analysis on day 2 (Figure 4-6). 

TRPV4 activated samples cultured without TGF- after 2 days of culture, showed 760-fold expression 

to that measured in the basic control. The expression of collagen was low for the remaining measured 

No MNPs RGD TREK1 TRPV4 

(B) 

(A) 
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Static MICA 

Figure 4-5. Collagen fibres were observed in all MICA activated samples regardless of the presence 

of TGF- in the culture medium. Representative images of 7 m pellet sections from samples A) 

cultured in chondrogenic media after 2 days of culture, B) samples cultured for 16 days in complete 

chondrogenic media and C) samples cultured for 16 days in chondrogenic media lacking TGF-. 

Collagen fibres are visualised in red and the cytoplasm in yellow. Scale bar = 500 m. 
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groups for both time points. The expression of aggrecan at day 2 of culture was similar for all compared 

groups, with a tendency for higher expression for samples labelled with MNPs cultured without TGF- 

. After 16 days of culture however, the differences were increased with higher expression observed 

for both TRPV4 labelled samples being only significantly different for the pellets cultured without TGF- 

. 
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Figure 4-6. TRPV4 activated samples cultured with TGF- showed enhanced gene expression for all 

genes and when compared to all groups. qRT-PCR performed on pellets from experiment 1, after 2 

and 16 days of culture. Results expressed as fold change relative to the control samples cultured in 

basic media and normalised to S18.  Data are expressed as mean ± standard error, n=4 and 2 technical 

repeats, *p<0.05, **p<0.01, ***p<0.001. 
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4.4.2 MICA activation of TRPV4 channel 

After results obtained from experiment 1, TRPV4 was further studied as a potential chondro-inductive 

target, and an additional study was performed on the activation of the mechano-sensitive ion channel 

with and without the effect of a magnetic field. Equine MSCs were cultured as micromasses and a 

follow-up on the GFP-Col2 fluorescence signal was performed. With the aim of observing the 

transfection state of the cell line, images were taken on the first day of culture before any stimulation 

was applied. No signs of GFP signal were observed, however, dTomato constitutive marker was 

observed in the cells (Figure 4-7). In addition, a bright field image of the cells demonstrated the 

classical spindle-like morphology of equine MSCs. 

 

 

 

 

 

 

 The collagen II production analysis performed by imaging of the GFP transfected cells, showed similar 

results to those observed in the previous experiment. TRPV4 MICA-activated samples showed 

presence of collagen II expression from day 7 of culture (Figure 4-8). Samples labelled with TRPV4 that 

were not magnetically activated, showed signs of initial expression of collagen II, nevertheless, the 

GFP signal was almost negligible. Control samples without MNPs showed no collagen II expression 

until the 10th day of culture. Both samples without MNPs appeared to have formed 2 pellets in the 
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Figure 4-7. The constitutively expressed dTomato fluorescence was visualised from the initiation of 

culture with no signs of a GFP-Collagen II signal. Representative images of eMSCs cultured as 

micromasses on day 1. A) Bright field image of the spindle-like morphology of the cells. B) 

Fluorescence images of dTomato fluorescence. Scale bar = 200 m. 
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well-plates, and no sign of individual cells was detected. For this reason, the fluorescence observed in 

the images was a result of all the grouped cells and hence, the images were considered to be partially 

the result of auto-fluorescence from accumulated cells. TRPV4-MNPs labelled samples formed 

multiple smaller pellets with individual cells still being able to be visualised. The brighter spots of 

fluorescence were considered as cells expressing collagen II, with higher expression than observed for 

the initial time point. After 16 days of culture both samples without MNPs showed similar levels of 

fluorescence to those seen at day 10, and some single cells seemed to have detached from the pellet. 

TRPV4-MNPs labelled cells showed a clear increase in fluorescence intensity, being higher for the 

MICA activated samples. Both TRPV4 groups were observed to have multiple cell pellets among the 

wells, and the GFP marker was also observed in single cells for the MICA activated group. 
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Figure 4-8. TRPV4 MICA-activated samples showed early expression of collagen II that increased for 

the duration of the culture time. Representative images of eMSCs micromasses cultured in 

chondrogenic media at days 7, 10 and 14 of culture. Cells expressed constitutively the dTomato 

fluorescence (red) and GFP was linked to collagen II expression (green). Scale bar = 1000 m. 
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Analysis of the variation in cell phenotype was done by bright field imaging. A magnified view of 

dTomato fluorescence images was added for improved visualisation of the cell phenotype (Figure 4-

9). As observed previously in Figure 4-7, cells initially had an elongated shape that changed throughout 

the culture period for all groups. Unlabelled samples under both static and MICA activation conditions 

showed elongated cells until day 14, when a mixed population with more squared-like looking cells 

and elongated cells was observed. Samples labelled with TRPV4-MNPs under static conditions began 

to show altered morphology of the cells by day 10 of culture, finding a mixed population that after 14 

days of culture acquired an almost homogeneous population of chondrocyte-looking cells, with some 

individual spindle-like cells. MICA activated samples labelled with TRPV4 had more rounded cells 

already from day 7 of culture and after 10 days of culture the majority of the population had a clear 

chondrocyte phenotype. This was maintained after 14 days of culture with proliferation of the 

chondrocyte-like cells. 
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Figure 4-9. TRPV4 MICA-activated cells beginning to acquire a chondrocyte-like phenotype from 

early culture time points. Representative bright field of eMSCs micromasses cultured in chondrogenic 

media at days 7, 10 and 14 of culture. A closer view of the cells showing dTomato fluorescence is 

displayed on the top corner. Scale bar = 200 m. 
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In order to further assess the chondrogenic potential of MICA technology, histological analysis was 

performed for total collagen and sGAGs detection on samples cultured with complete chondrogenic 

media. Picrosirius red stain was used in order to detect the collagen production after 16 days of 

culture. Matching with the GFP-Col2 reporter fluorescence results, samples not labelled with MNPs 

showed less collagen produced, that was mostly deposited in the single big pellet of cells that was 

created from the micromass (Figure 4-10). The only difference among static and MICA activated 

unlabelled samples was the bigger size of the pellet for the MICA activated group. TRPV4-MNPs 

labelled cells showed enhanced collagen production, with deposition in the pellets and observable 

collagen production on single cells. Similar stain intensity was found among the static and the 

activated groups, however, single cells showed higher stain intensity in the MICA activated samples. 
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Figure 4-10. TRPV4-MNPs labelled samples showed higher collagen production than unlabelled 

samples. Representative images of day 16 cultured micromasses. A closer view of the micromasses 

spread cells is displayed on the top corner. Collagen presence is detected as a bright red colour. Scale 

bar = 200 m. 
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The presence of sGAGs was revealed by alcian blue staining of the micromasses cultured in complete 

chondrogenic media. Samples not labelled with MNPs under dynamic or static conditions showed a 

very discrete production of sGAGs (Figure 4- 11). The stain appeared to have been unwashed from the 

big pellets formed, and the cells that were isolated from the pellet showed a very mild blue stain 

presence. TRPV4-MNPs labelled samples showed sGAGs production as observed in the spread cells 

surrounding the pellets. Nevertheless, MICA activated micromasses showed enhanced production of 

the marker with an evident higher intensity of the stain and a higher density area evidencing sGAGs 

presence. 

 

 

 

 

 

 

 

 

 

 

 

Safranin O is a dye commonly used for cartilage staining, particularly to reveal the presence of 

proteoglycans. The intensity of the stain is proportional to the proteoglycan produced in the matrix. 

Micromasses stained with safranin O showed similar results to previous histological assessment of the 
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Figure 4-11. Enhanced sGAGs deposition in TRPV4-MNPs labelled samples with a higher density 

observed for MICA activated micromasses. Representative images of micromasses at day 16 of 

culture. Closer images of cells outside the pellet formation are shown in the top corner. The sGAGs 

are visualised as a stronger light blue colour. Scale bar = 200 m. 
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ECM (Figure 4-12). All groups were cultured in complete chondrogenic media. Samples not containing 

MNPs showed a light stain tone, mostly trapped in the pellet formed. The spread cells did no show a 

strong intensity of the stain, in contrast to those cells imaged from TRPV4-MNPs labelled cells. Both 

labelled samples showed enhanced proteoglycan production being also slightly higher for MICA 

activated samples as appreciated both in the pellet formation area of the micromasses and the closer 

image of the spread cells forming monolayers. These results, together with the previous histological 

analysis, revealed an improved matrix deposition for cells cultured in chondrogenic media when 

labelled with TRPV4-MNPs, and a matrix with higher collagen and GAGs content when samples 

received MICA stimulation compared to static conditions. 

 

 

 

 

 

 

 

 

 

 

 

The presence of the MNPs in the micromasses was demonstrated by prussian blue staining that 

reveals the presence of iron. Samples not containing MNPs did no showed iron presence and samples 

labelled with TRPV4-MNPs showed that most of the MNPs were located in the pellets formed in the 

micromasses with few particles in the newly formed cells surrounding the pellet area (Figure 4-13). 
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Figure 4-12. Enhanced cartilage ECM deposition on TRPV4 MICA-activated samples. Representative 

images of micromasses after 16 days of culture. Closer images of the cells in a monolayer are displayed 

on the top corner. The intensity of the stain is proportional to the ECM formation. Scale bar = 200 m. 
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A proliferation analysis was performed in the micromasses by immunohistochemical staining with 

PCNA. Regardless of the lower amount of cells appreciated in the imaged micromasses, the intensity 

of the stain was also evidently lower for samples cultured without MNPs (Figure 4-14). Samples 

without MNPs and submitted to MICA stimulation had an apparent higher intensity of the dye that 

could be attributed to the higher proliferation of cells. TRPV4-MNPs labelled samples showed an 

evident higher presence of the proliferation marker, being evidently higher the fluorescence signal for 

MICA activated samples. The presence of the targeted channel, TRPV4, was also demonstrated by 

immunohistochemical analysis, with the aim of observing the effects of MICA activation on the 

channel presence on the cells. Regardless of the cell density, all samples excepting for the TRPV4- 

MNPs static group, showed a high fluorescence signal revealing the presence of the channel. The 

micromasses labelled with TRPV4 and cultured under static condition had a less intense stain, 

however, the channel presence was still detected. The TRPV4 MICA-activated group showed. 

however, areas with high expression of the marker and overall high fluorescence levels. 

 

 

No MNPs Static No MNPs +MICA TRPV4 Static TRPV4 +MICA 

Figure 4-13. MNPs of the labelled micromasses were found mostly on the pellets formed by the cells. 

Representative images of day 16 cultured micromasses. The iron of the particles is visualised in blue. 

Scale bar = 100 m. 



158 
 

 

 

 

 

 

 

 

 

 

 

Pellets were cultured in parallel to experiment 2, in a simplified version of the micromasses 

experiment, with the aim of further analysing the effects of TRPV4 MICA-activation on 

chondrogenesis. Samples were cultured for a longer period of time (28 days) to allow for observation 

of further changes past the usual 21 days of culture for chondrogenic induction. The concentration of 

sGAGs and DNA was quantified following the spectrophotometric DMMB and PicoGreenTM assays for 

days 1, 10, 14, 21 and 28 (Figure 4-15). The PicoGreenTM analysis was performed with the aim of 

normalising the presence of sGAGs in the sample, according to the cell density present in the sample. 

The normalisation allows quantifying the chondrogenic potential of each sample regardless of the size. 

In addition, it also provided an insight on the proliferative effect of the studied conditions. Samples 

cultured in basic media showed significantly lower production of sGAGs and lower DNA was found 

among the pellets when compared to the other conditions for most time points studied (Table 4-2). 

The differences were observed to increase with culture time. Unexpectedly, samples cultured with 

chondrogenic media alone showed a trend for slightly higher sGAGs produced for all time points 

excepting for day 28, when compared to MICA activated samples. Nevertheless, when normalised to 
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Figure 4-14. TRPV4 MICA-activated samples showed enhanced proliferation and the TRPV4 channel 

was present for all treated conditions. Representative images of micromasses after 16 days of culture. 

Top images represent PCNA staining (scale bar = 1000 m) and lower row images are stained with 

TRPV4. Scale bar = 200 m. 
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the DNA amount, significant difference was only found on day 21 of culture, being observed high 

variability among the samples cultured in chondrogenic media. As expected, day 1 samples showed 

higher DNA amount due to the initial state of pellet formation. This matches with Chapter 3 results on 

metabolic activity assays of the pellets. Overall, low levels of sGAGs were detected for all groups 

analysed. 
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Figure 4-15. Few differences were found between samples cultured in chondro-inductive media 

unstimulated and TRPV4 MICA-activated groups for sGAGs production. SGAGs and DNA were 

quantified at days 1, 10, 14, 21 and 28 of culture for pellets formed of cells from eMSCs cultured in 

basic (expansion) media, chondrogenic media, and samples labelled with TRPV4-MNPs MICA-activated 

also cultured in chondrogenic media.  Normalised data are expressed as a ratio sGAGs/DNA. Data is 

expressed as the mean ± standard deviation in n=2-3 repeats for 3 different samples per group. 
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Table 4-2. Statistical analysis of Figure 4-14. 

sGAGs concentration (g/mL) 

Group Day 10 
P< 

Day 14 
P< 

Day 21  
 P< 

Day 28 
P< 

Day 1 vs. Basic  ** *** **** 

Day 1 vs. Chondrogenic  **   

Day 1 vs. TRPV4   **  

Basic vs. Chondrogenic ** **** **** **** 

Basic vs. TRPV4  **  **** 

Chondrogenic vs. TRPV4 ** ** ****  

DNA concentration (g/mL) 

Group Day 10 
P< 

Day 14 
P< 

Day 21  
 P< 

Day 28 
P< 

Day 1 vs. Basic **** **** **** **** 

Day 1 vs. Chondrogenic  * **** **** 

Day 1 vs. TRPV4 **** **** **** **** 

Basic vs. Chondrogenic **** ****  * 

Basic vs. TRPV4  ****  **** 

Chondrogenic vs. TRPV4 ***    

SGAGs / DNA concentration (g/mL) 

Group Day 10 
P< 

Day 14 
P< 

Day 21  
 P< 

Day 28 
P< 

Day 1 vs. Basic    * 

Day 1 vs. Chondrogenic  * **** **** 

Day 1 vs. TRPV4   * **** 

Basic vs. Chondrogenic   **** **** 

Basic vs. TRPV4   ** **** 

Chondrogenic vs. TRPV4   *  

 

The gene expression analysis of the ECM markers Col2a1 and Acan, was performed on eMSCs pellets 

in order to further evaluate the chondrogenic potential of MICA activation. In contrast to the results 

observed for the micromasses GFP-Col2 reporter analysis, gene expression analysis revealed low levels 

of collagen expression for all groups until 21 days of culture, where an expression increase was 

observed which continued until the termination of the experiment (Figure 4-16). TRPV4 MICA 

activated samples showed significantly higher expression of Col2a1 than the other compared groups 

from day 21 of culture. Moreover, samples cultured in chondrogenic media also showed significantly 

higher expression of Col2a1 when compared to those samples cultured in basic media, which 
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presented negligible levels of collagen production for all time points analysed. The aggrecan gene 

expression analysis, however, showed similar expression levels for all groups compared, following a 

similar expression pattern to that observed for the sGAGs DMMB analysis. A tendency for higher 

expression was observed for TRPV4-MICA activated samples, nevertheless, statistical differences were 

only seen at day 10 of culture with samples cultured in chondrogenic media. The expression of 

aggrecan was observed to decrease with culture time, as opposed to the collagen II expression. 

 

 

 

 

 

 

 

 

4.4.3 Collagen II expression analysis: Luciferase – Col 2 Reporter 

For this study, eMSCs labelled with luciferase/GFP dual constructs were employed. Two cell lines were 

used, both with GFP under constitutive control (EF1) promoter, while the luciferase is controlled either 

under the Col2 promoter (Col2-Luc) or under the CMV promoter (CMV-Luc). With the aim of proving 

the efficiency of the transfection, cells were imaged with fluorescence microscopy for all experimental 

conditions. The presence of the GFP reporter was taken as an indicator of a successful transfection 

(Figure 4-17). 
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Figure 4-16. Higher Col2a1 expression was observed for TRPV4 MICA-activated samples, and no 

differences were found among groups for Acan expression analysis. qRT-PCR performed on pellets 

2 at days 10, 14, 21 and 28 of culture for samples cultured in basic (expansion media), chondrogenic 

media and pellets cultured in chondrogenic media labelled with TRPV4-MNPs. Results expressed as 

fold change relative to control samples from day 1 and normalised to S18.  Data are expressed as 

mean ± standard deviation, n=4 and 3 technical repeats, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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The collagen II expression was measured through the Col2-Luciferase reporter cell line in micromasses 

cultured in chondrogenic media on unlabelled samples and samples labelled with TRPV4-MNPs under 

static and MICA activation conditions (Figure 4-18). The CMV-Luc reporter cell line was used to 

normalise the results and obtain the relative chondrogenic activity. No statistical differences were 

found among the experimental conditions for any of the time points compared. All samples except for 

TRPV4 MICA-activated samples showed a tendency to decrease the luciferase activity with culture 

time. MICA activated samples with and without MNPs had a higher chondrogenic activity than the 

static groups, with the exception of day 7 comparison of the TRPV4-MNPs labelled samples, however, 

great variability was found among the samples from the same groups. 
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Figure 4-18. No statistical differences were found among experimental groups for Col2-Luc reporter 

cell line. Micromasses production of metridia luciferase was quantified and normalised to CMV-Luc 

production for each studied condition. All samples were cultured in chondrogenic media and 

measurements were taken after 7 and 14 days of culture. N= 3 technical repeats. Data are expressed 

as mean ± standard deviation. 

No MNPs Static No MNPs +MICA TRPV4 Static TRPV4 +MICA 

Figure 4-17. Cells were successfully transfected with the GFP reporter. Representative images of 

micromasses cultured in chondrogenic media and different experimental conditions at day 16. Scale 

bar = 200 m. 
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In order to understand if the results obtained from the Col2-Luciferase analysis were due to any effects 

of the cell population due to the addition of MNPs, a viability assay was performed in the samples. 

The cell viability was measured with Presto BlueTM reagent for both cell types Col2-Luc and CMV-Luc, 

cultured in chondrogenic media and in plain and labelled cells with TRPV4-MNPs. No negative effects 

due to the addition of MNPs were observed in the metabolic activity of the cells (Figure 4-19). CMV-

Luc cells, both labelled with TRPV4-MNPs and unlabelled, showed statistically lower levels of 

metabolic activity when compared with the Col2-Luc, possibly as a results of differential growth 

pattern. Little differences were found when comparing MNPs labelled groups with unlabelled samples 

from the same cell type hence, indicating that the addition of MNPs was not reducing cell proliferation. 
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Figure 4-19. No toxic effects found when labelling cells with MNPs for any of the cell types. The 

metabolic activity was measured through the course of 21 days at days 0, 7, 10, 14 and 21 of culture. 

Data are expressed as mean ± standard deviation n=3 samples per group (3 technical repeats). 
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PART 2 

4.4.4 Effect of TGF- presence in the culture medium following MICA activation 

For the second part of this work, ovine MSCs, chondrocytes (passage 0-1) and de-differentiated 

chondrocytes (passage 4-5) were used to further study the best target for MICA activation. In addition, 

the potential implications of the TGF- effect in the downstream signalling following MICA activation 

were also analysed. 

Histological assessment of 3D pellets was performed for the studied groups, however, chondrocytes 

on a passage 0-1 state did not show evidence of the presence of any of the cartilage ECM markers for 

any of the experimental groups after 21 days of culture (Supplementary figure 3). Samples stained 

with toluidine blue for proteoglycan reveal showed different patterns of behaviour between the MSCs 

and the de-differentiated chondrocytes, with an evident difference of the pellet size, being bigger for 

de-differentiated chondrocytes. MSCs showed a much lower staining intensity than the de-

differentiated chondrocytes for all time points (Figure 4-20). All samples cultured with TGF- showed 

the formation of an outer ring stained with a higher intensity. Differences between compared groups 

for MSCs were not evident for some cases, with slightly higher GAG deposition for the no-MNP control 

cultured in chondrogenic media and TRPV4-MICA activated samples cultured with TGF-. Similar GAG 

deposition was observed at both measured time points. On the contrary, de-differentiated 

chondrocytes showed a great production of proteoglycans already from day 16 of culture. TREK-1 and 

TRPV4 activated samples showed enhanced GAGs production when compared to the control. 

Nevertheless, the purple metachromatic stain was clearly more intense for TRPV4 activated samples 

cultured with and without TGF-. The differences were reduced after 21 days of culture, especially for 

TRPV4 samples cultured in complete media, which appeared to have lost some of the intensity of the 

stain. However, the same pattern of differences observed for day 16 was also true for day 21 samples. 

As observed for the MSCs pellets, samples cultured with TGF- had formed an outer ring that stained 

in blue indicating the lack of proteoglycans. The GAGs were more present in the centre of the samples 
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for all cases. Interestingly, samples cultured without TGF- showed a more homogeneous distribution 

of the marker, when compared to the other groups that appeared to have nucleus of higher 

proteoglycan deposition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The total collagen production was also determined by picrosirius red staining. As observed previously 

for the GAGs deposition, oMSCs pellets showed a very discrete production of collagen when compared 

to de-differentiated chondrocytes (Figure 4-21). Little to no collagen was observed for the MSCs after 

16 days of culture with the only appreciable fibres present in TRPV4-labelled samples cultured without 

TGF-. After 21 days of culture the production of collagen was increased for all studied groups. 

Samples cultured with TGF- were observed to have acquired an outer ring formed of collagen fibres. 
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Figure 4-20. Increased pellet size and GAGs deposition for de-differentiated chondrocytes pellets 

with elevated matrix formation in TREK-1 and TRPV4 activated samples.  Representative images of 

7 m pellet sections from oMSCs at days 16 and 21 of culture (top rows) and de-differentiated 

chondrocytes at days 16 and 21 of culture (bottom rows) stained with toluidine blue for GAGs 

detection. The stain shows a purple colouring when bound to GAGs and a blue tone for the rest of the 

structures. Scale bar = 200 m. 
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Interestingly, the control samples and TREK-1 labelled pellets showed very thick rings with no collagen 

present in the centre of the samples and small nucleus of higher collagen deposition within the 

external rings. Contradictory to these findings, de-differentiated chondrocytes showed a high 

production of collagen by day 16 for all experimental groups. This was moderately higher for TREK-1 

and TRPV4-labelled samples cultured with TGF-. This hierarchy of expression was continued after 21 

days of culture. The control sample appeared to have a high collagen deposition, however, this was 

associated with the initial sectioned part of the pellet always showing a higher collagen production. 

As observed for the MSCs, an outer ring was observed for samples cultured in complete chondrogenic 

media with an apparent organised matrix observed in TREK-1 and TRPV4 samples, showing a gradient 

of collagen deposition with lower concentrations in the inside increasing to the outside part, that is 

finished by a thin layer of yellow stain corresponding to the cytoplasm of the cells. 
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Figure 4-21. Enhanced collagen production on de-differentiated chondrocytes over MSCs, with 

higher deposition for TREK-1 and TRPV4 MICA-activated samples in complete media.  

Representative images 7 m pellet sections from oMSCs (top rows) and de-differentiated 

chondrocytes (bottom rows) stained with picrosirius red for collagen visualisation at days 16 and 21 

of culture. Collagen fibres are shown in a red colour and the background in yellow. Scale bar = 200 

m. 
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Sections stained with picrosirius red were imaged with a polarised microscope for further 

understanding the arrangement of the ECM fibres and the thickness of the collagen produced (Figure 

4-22). The collagen fibres are visualised due to their birefringent nature, and the size and level of 

organisation can be determined according the visualised colour. In decreasing range of size and 

organisation fibres are visualised as red/orange, yellow, green, and blue. MSCs showed an outer 

collagen ring with medium thickness fibres, that encapsulated the pellet which showed little 

birefringence, and when existing birefringence, it was showing a medium level of thickness and 

organisation. TRPV4-MICA samples cultured in complete chondrogenic media showed presence of 

more organised fibres in the inner part of the section. De-differentiated chondrocytes did not form 

such thick outer rings, that were mostly observed for samples labelled with MNPs cultured with TGF-

 however, some of the ring is not visualised in the image due to the magnification. The majority of 

the surface of the pellets was observed to have medium to high organised fibres, being more obvious 

for TREK-1 and TRPV4 samples cultured in complete chondrogenic media after 21 days of culture. 
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Figure 4-22. Medium organised fibres for all samples with an outer ring formation. Representative 

images of cross-polarised micrographs of 7 mm pellets sections of oMSCs (top) and de-differentiated 

chondrocytes (bottom) stained with picrosirius red at days 16 and 21 of culture. Scale bar = 200 m. 
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Immunohistochemical analysis of collagen II was performed with immunoperoxidase of oMSCs and 

de-differentiated chondrocytes pellet sections. A negative control was performed without primary 

antibody, showing no signs of unspecific binding for the secondary antibody (results not shown). 

Unlike previously observed with picrosirius red staining, MSCs showed collagen deposition by day 16 

of culture being enhanced for TREK-1 and TRPV4 MICA-activated samples when cultured without TGF-

 (Figure 4-23). The differences were reduced after 21 days of culture, however, samples cultured 

without TGF- presented a higher deposition of the marker. The collagen II deposition was observed 

to be fairly homogeneous with exception of the control sample, unlike the zonal distribution observed 

for de-differentiated chondrocytes. For these samples opposing results were found, with higher 

collagen II staining for TREK-1 and TRPV4 labelled samples cultured in complete chondrogenic 

medium. For the de-differentiated chondrocytes, a slightly higher deposition of collagen II was 

observed for both TRPV4-labelled samples in both culture conditions tested. 
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Figure 4-23.  Higher production of collagen II for both cell types in TREK-1 and TRPV4 activated 

samples cultured with or without TGF-. Representative images of collagen II immunoperoxidase 

staining of 7 m pellet sections of MSCs (top) and de-differentiated chondrocytes (bottom) after 16 

and 21 days of culture. More intense colour represents higher deposition. Scale bar = 200 m. 
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Aggrecan production was also studied by immunoperoxidase staining for both cell types (Figure 4-24). 

Contrary to the GAGs production results obtained with toluidine blue staining, MSCs did show 

deposition of the marker from the 16th day of culture for all groups, especially for TREK-1 and TRPV4 

labelled samples. The production was increased after 21 days of culture for all groups with the 

exception of TRPV4 MICA-activated pellets cultured without TGF-, which presented a peak of 

expression at day 16. The distribution of the marker was mildly homogeneous, excepting for the 

control samples and TREK-1 labelled samples cultured in complete chondrogenic media, where the 

stain was deposited in the centre. De-differentiated chondrocytes showed a more discrete staining 

intensity for all samples with higher aggrecan production for MICA activated samples, especially for 

those samples labelled with TRPV4. A mild increase of the stain intensity was observed after 21 days 

of culture for all samples excepting for the control. The stain had a zonal distribution with low intensity 

in the more central and outer regions. 
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Figure 4-24. Enhanced production of aggrecan for MSCs and TREK-1 and TRPV4-MICA activated 

samples. Representative images of aggrecan immunoperoxidase staining of 7 m pellet sections of 

MSCs (top) and de-differentiated chondrocytes (bottom) after 16 and 21 days of culture. More intense 

colour represents higher deposition. Scale bar = 200 m. 
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 The presence of MNPs in the labelled samples was histologically evaluated by staining the iron 

content with prussian blue. Control unlabelled samples did not exhibit the presence of MNPs (Figure 

4-25). Certain aggregation of MNPs could be appreciated for MSCs labelled with TREK-1 in both media 

conditions however, this was attributed to the small size of the pellets. TRPV4-labelled MSCs showed 

a more spread disposition of the MNPs. De-differentiated chondrocytes showed a spread distribution 

of the MNPs for all labelled samples. 

 

 

 

 

 

 

 

The ECM markers were additionally studied by gene expression analysis with qRT-PCR. The expression 

of Sox9, Col2a1 and Acan was studied for MSCs, and de-differentiated pellet samples collected after 

21 days of culture. The gene expression analysis presented some variation among cell types studied 

(Figure 4-26). The expression of Sox9 was observed to be similar for all groups compared on MSCs, 

with the exception of TRPV4 samples cultured in complete media that showed the highest expression. 

Expression of the same gene in de-differentiated chondrocytes showed more variability among 

groups, with higher expression found for the samples cultured without TGF-. The expression of 

collagen II followed a similar pattern between cell types with the highest expression found for the 

control and TREK-1 labelled samples cultured in complete chondrogenic media. De-differentiated 

chondrocytes followed this pattern with the exception of TRPV4-labelled samples, also cultured in 
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Figure 4-25. MNPs were present in labelled samples for both cell types. Representative images of 7 

m pellet sections of oMSCs and de-differentiated chondrocytes after 21 days of culture and stained 

with prussian blue. The iron content of the MNPs is visualised in blue. Black arrows point the presence 

of MNPs were spread in the sample. Scale bar = 200 m. 
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complete medium, which showed the highest expression with statistical differences compared to all 

groups except for the control. These results would match the immunostaining observation if the 

control did not show the high levels of gene expression. The aggrecan expression pattern was also 

relatively similar, however, statistical differences were only found among MSCs with an evident lowest 

expression found in TREK-1 samples cultured without TGF-. 
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Figure 4-26. Variable gene expression pattern with overall higher expression found among samples 

cultured with TGF-for both cell types. qRT-PCR performed on pellets from MSCs and de-

differentiated chondrocytes on day 21 day of culture. Results expressed as fold change relative to day 

0 and normalised to GAPDH.  Data are expressed as mean ± standard deviation, n=4 (n=2 technical 

repeats), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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4.4.5 Histological determination of TRPV4-MICA activation for chondrogenic 

differentiation 

Ovine de-differentiated chondrocytes on passage 4-5 were expanded prior to studying the 

chondrogenic activity of TRPV4, the selected target for MICA technology. The study was performed 

on 3D pellets cultured in chondrogenic media. Samples were analysed with histological staining for 

the main ECM components, with the aim of comparing to previous experiments. Chondrocytes were 

imaged after dissection at passage 0, to visually ensure the presence of chondrocyte-like cells (Figure 

2-27). Pellets were sectioned after 24 hours in culture with chondrogenic media for comparative 

purposes. No signs of ECM markers were detected for the samples after 1 day of culture. 

 

 

 

The production of sGAGs was evaluated with alcian blue staining. Both compared groups showed low 

overall levels of sGAGs production, for all time points analysed (Figure 4-28). Samples with no MNPs 

showed some levels of the marker after 14 days of culture. TRPV4 MICA-activated samples presented 

some signs of sGAGs presence by day 10 of culture, that increased by day 14. The marker was mainly 

observed in the more central region of the samples, and in the outer limit of the pellet, as opposed to 

samples cultured with no MNPs that showed higher production only for the outer part to the pellet 

section. 

 

 

(A) (B) (C) (D) (E) 

Figure 4-32. Day 1 images. Representative images of A) bright field-imaged chondrocytes after 

dissection and initial expansion, and 7 m sections of pellets stained with B) alcian blue, C) toluidine 

blue, D) picrosirius red and E) safranin O. Scale bar = 100 m. 
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The production of proteoglycans was also measured by toluidine blue staining. In line with the results 

obtained from alcian blue staining, the proteoglycan production was discrete for both groups and for 

all time points (Figure 4-29). Pellets cultured without MNPs showed very mild production of 

proteoglycans, visualised as a purple metachromatic stain, which was able to be visualised mildly at 

days 7 and 10 of culture, but no after 14 days. TRPV4 MICA-activated samples showed a moderate 

production of the marker on the external region of the section by day 7 of culture and continued to 

be observed in the periphery of the sections for all the duration of the culture time. Nevertheless, the 

production of the marker did not increase greatly by day 14 of culture. However, the lack of samples 

examined after 21 days of culture did no allowed to further study the production of this marker, which 

often greatly increases from the second to the third week of culture. The marker deposition was not 

uniform, with one side of the samples clearly showing higher proteoglycan deposition. These results 

do not match the previous findings of de-differentiated chondrocytes, showing an enhanced 

production of the marker with a tendency for deposition in the central regions of the pellets. 
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Figure 4-33. Low levels of sGAGs were found for all compared groups. Representative images of 7 

m pellet sections from de-dedifferentiated chondrocytes stained with alcian blue for sulphated GAGs 

reveal. Samples were cultured for 7, 10 and 16 days in chondrogenic media without MNPs and with 

TRPV4 MICA-activated MNPS. The higher intensity of the colour of the stain reveals the presence of 

GAGs in the sections.  Scale bar = 100 m. 
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Collagen production was evidenced by picrosirius red staining of the sections. This study showed more 

similarity to the previous analysis on de-differentiated chondrocytes, with greater production of 

collagen observed for TRPV4 MICA-activated samples (Figure 4-30). The collagen fibres were evident 

in both groups from day 7 of culture, being denser for MICA-activated pellets. After 10 days of culture, 

both compared groups showed a mild increase of fibre presence with a more uniform distribution, 

however, MICA activated samples showed increased deposition also in the form of an outer ring of 

collagen. The marker deposition greatly increased for both groups after 2 weeks of culture. Samples 

cultured without MNPs showed fibres present across all the surface of the sections however, the stain 

showed a more intense colour for the external regions of the samples. TRPV4 MICA-activated pellets, 

showed enhanced production of collagen when compared with the unlabelled samples. The collagen 

distribution was mildly homogeneous with some areas of lower deposition in the most external part 

of the section, as observed in the previous experiment with de-differentiated chondrocytes. 
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Figure 4-34. Enhanced deposition found among TRPV4 MICA-activated samples with proteoglycans 

deposited in the periphery.  Representative images of 7 m pellet sections from de-differentiated 

chondrocytes at days 7, 10 and 16 of culture, stained with toluidine blue for GAGs detection. The stain 

shows a purple colouring when bound to GAGs and a blue tone for the rest of the structures. Scale 

bar = 100 m. 
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Lastly, samples were stained with safranin O, a dye classically used for cartilage staining and 

haematoxylin for nucleus visualisation. The higher intensity of the stain represents higher cartilage 

matrix production. Samples cultured with no MNPs, showed an initial appearance of moderate 

production of ECM, localised not uniformly in a peripheral area of the samples (Figure 4-31). 

Nevertheless, the staining intensity decreased for the following time points analysed, as observed for 

the toluidine blue staining of the samples. Day 16 sections showed the higher intensity of the stain 

also in the periphery of the samples, despite not being homogeneous for all the sample’s periphery 

area. Cells were spotted to be uniformly distributed among the section. TRPV4 MICA-activated 

samples showed a great intensity of the stain from the first week of culture, which was maintained or 

moderately increased, over the course of the experiment. The stain distribution was moderately 

homogeneous in the sections’ surface for all time points analysed, with a tendency for higher intensity 

in the outer border of the samples, and the most central regions. Cells were also homogeneously 
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Figure 4-35. Enhanced collagen production for TRPV4 MICA-activated samples from initial culture 

time points.  Representative images 7 m pellet sections from de-differentiated chondrocytes stained 

with picrosirius red for collagen visualisation at days 7, 10 and 16 of culture. Collagen fibres are shown 

in a red colour and the background in yellow. Scale bar = 100 m. 



176 
 

distributed among the surface of the section with a slight decrease of nucleus visualised in the central 

region of the samples at day 16 of culture. 
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Figure 4-36. Higher intensity of the stain observed in TRPV4 MICA-activated samples from day 7 of 

culture. Representative images of 7 m pellet sections of de-differentiated chondrocytes at days 7, 

10 and 14 of culture stained with safranin O. Higher intensity of the stain indicated higher matrix 

formation. Scale bar = 100 m. 
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4.5 Discussion 

The success following an in vivo study of remote control healing for bone repair adapting the MICA 

technology to an animal study (222), led to the development of the present chapter. The regeneration 

of the bone tissue following stimulation of the TREK-1 channel opened the possibility of targeting 

specific mechano-sensitive proteins that controlled the chondrogenic response. After thorough study 

of the literature (1,157,164,171), TRPV4 was proposed as a mechanical target to induce chondrogenic 

differentiation of stem cells. During this chapter, an initial study evaluating the potential of MICA 

activation of mechano-sensitive elements on the cell membrane was performed in collagen II 

transfected eMSCs, to enable a comparison of different receptor targets and ease of the measuring 

impact. Collagen II is one of the key elements of the cartilage ECM and a chondrocyte specific marker 

(306) and hence, the chondrogenic activity of the mechano-inducible targets was assessed partially by 

the expression of the marker. TREK-1 and RGD are well-defined mechano-sensitive structures 

previously targeted by the MICA technology for bone healing. No direct correlation has been described 

in the literature for any of the chondrogenic events and therefore, an initial assessment of the effect 

on chondrogenic induction was carried aiming to stablish a target for cartilage repair. 

The expression pattern of collagen II was analysed over a time course, with initial expression observed 

on the first week of culture, mostly for those samples where TRPV4 was targeted. This was considered 

an effect enhanced by the mechanic stimulation of the channel, given that the expression of the 

marker is often observed to peak from day 14 to day 21 of culture (306,307). Activation of both RGD 

and TREK-1, also induced a higher expression of the marker when compared to those samples cultured 

in chondrogenic media alone without MNPs. Nevertheless, higher signal of expression was observed 

for all cases for TRPV4 stimulated samples. This was supported by the gene expression analysis with 

evident enhancement of the chondrogenic response in TRPV4 activated samples. For this reason, and 

based on the multiple studies showing a chondrogenic response following chemical or mechanical 

activation of TRPV4 (167,301,302), this was proposed as the main target of the current work, however, 
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given the similarity on the chondrogenic response observed with TREK-1 activation, further study was 

performed using other cell type, for the second part of this chapter. 

The collagen production was also studied by histological staining of pellets with picrosirius red. Despite 

the evidence of collagen production for all 3 tested targets, an in-depth analysis was unable to be 

performed due to the issues encountered with sample processing. The ECM formed specially for those 

samples labelled with TREK-1 and TRPV4, acquired a dense status that hindered the sectioning of the 

samples and the digestion for gene expression analysis. The potential of adipose-derived MSCs has 

been questioned due to the native origin of these cells. Despite observation that under conventional 

culture conditions AD-MSCs often transdifferentiate towards osteogenic and adipogenic lines, the 

culture in chondrogenic media has been reported to successfully induce chondrogenesis and ECM 

formation (308–310). In this study, AD-MSCs were able to undergo chondrogenesis when cultured 

with biochemical factors. The collagen production was indeed observed for the samples under static 

conditions cultured in chondrogenic media however, there was an enhanced and earlier production 

of ECM for those samples labelled with MNPs. Therefore, the collagen observed for the mechanically 

activated samples was attributed to the effect of mechanical stimulation. The delivery of mechanical 

stimulus to MSCs has been widely studied to promote chondrogenesis with upregulated ECM-protein 

production (104,311,312). 

The addition of TGF- in the culture medium is often key for chondrogenic differentiation. TGF- acts 

by binding the type I receptor (ALK5), which leads to phosphorylation of the SMAD2/3 complex. 

However, TGF- can also find ALK1 activating alternative SMAD pathways that lead to hypertrophy 

states (278). The removal of the TGF- from the chondrogenic culture medium was planned with the 

aim of analysing the scope of the MICA activation. Although the collagen II expression was observed 

to be enhanced for those samples cultured with TGF- in the reporter cell fluorescence analysis, the 

expression of the marker was observed at earlier time points when lacking the growth factor. 

Moreover, gene expression analysis revealed enhanced expression of both Col2a1 and Acan for those 
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groups cultured without TGF- in contrast to the same groups cultured in complete media. This was 

hypothesised to be due to a later activation of the expression of some ECM markers, given that MICA 

treatment enhances the early expression of the matrix components. Moreover, some studies suggest 

the role of TGF- in hypertrophy development of cartilage (313), and given that is not clear when the 

growth factor switches from the protective role to cause a hypertrophy state, additional studies would 

be required to elucidate the exact role of TGF- . Further analysis on the effect of TGF- on the 

cartilage formation was assessed for the second part of this chapter. 

Assessment of the in vitro chondrogenic potential is often based on histological scoring, however, 

there is a lack of universal consensus for a method of assessment that would allow for a more precise 

comparison among different studies. The use of a reporter cell line that allows to measure the 

chondrogenesis by visualising the collagen II expression, or quantification of the marker, by the 

measuring a secreted reporter, introduces the possibility of standardising chondrogenesis evaluation 

methods. The cells used for this study were provided by Dr. Glyn D. Palmer, and previously used as a 

successful transcriptional reporter system to measure chondrogenic activity (227). This study used the 

reporter system to support the histological and gene expression analysis, performed to measure the 

chondrogenic potential of the TRPV4 activation with the MICA technology. Our findings suggest that 

the combined effect of culturing cells in chondrogenic media, in addition to mechanically stimulating 

the mechano-sensitive ion channel TRPV4, results in an enhanced matrix deposition with increased 

production of the ECM markers collagen II and aggrecan. In addition, a morphological change in the 

cell phenotype was observed, whereby they acquired a square chondrocyte-like phenotype from the 

early days of culture. These observations are in line with the existing literature, attributing to TRPV4 

a key role in cartilage development by the activation of Sox9 transcription factor, responsible for the 

downstream production of collagen II and aggrecan proteins among others (1). TRPV4 has been 

defined as a key channel during the embryonic development of the skeleton, and the mutation of the 

channel is related to multiple skeletal dysplasias (157,231).  Several studies have activated the channel 
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either with biochemical ligands or by delivery of mechanical forces nevertheless, the forces are 

delivered to a construct of cells, and other mechano-sensitive elements might be indirectly activating 

(170,171,295). 

MICA technology principle is based on the delivery of an alternating external magnetic field which 

generates forces strong enough to pull the superparamagnetic MNPs tagged to the cell membrane, 

causing them to align with the external magnetic field (212,215). Once the magnetic field is removed, 

or the magnets stop exerting an effect due to the lack of proximity with the samples, the MNPs lose 

the magnetisation and return to their natural state (176). This aligning effect results in the delivery of 

selective forces to the mechano-inductive region of the channel, where the MNPs are directly 

targeted. The sum of the direct activation of the mechano-sensitive domain, and the “pulling” effect 

of the MNPs over the channel, induces the activation with the following ion exchange and downstream 

signalling activation. In this study, samples labelled with TRPV4-MNPs cultured without the external 

delivery of magnetic forces, showed similar results to those observed for magnetically activated 

samples. Although the chondrogenic effect was not as intense as the MICA activated samples, a clear 

enhancement was observed when compared to the control, cultured in chondrogenic media without 

MNPs. This was hypothesised to be an effect caused by the indirect activation of the mechano-

sensitive ion channel, exerted by the MNPs being attached directly in the mechano-responsive region 

of the channel that controls the gating process. This was proposed to be an effect of the gravity of the 

MNPs affected and the usual movement of the culture plates. It may be a possibility that the channel 

indirectly activates under these events causing the channel to transiently activate showing a mild 

chondrogenic enhancement but not as strong as the magnetically stimulated groups. In line with these 

findings, previous studies have reported spontaneous calcium events on cells labelled with MNPs, 

without delivery of a magnetic field (121). 

Despite the favourable results suggesting the improved chondrogenesis after MICA activation of 

TRPV4, the collagen II reporter luciferase system did not show statistical differences among MNP 
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labelled and unlabelled groups. Although a tendency towards higher collagen II expression was 

observed for TRPV4-MNPs labelled samples, there were no statistical differences among groups. 

Despite using the control cells constitutively expressing luciferase controlled by the CMV promoter, 

only 2 groups of these cells were studied; CMV-Luciferase cells cultured in chondrogenic media and 

labelled with TRPV4-MNPs. The addition of the static and MICA-activated conditions would have 

allowed for a more precise normalisation. This could potentially explain the low differences found 

among studied groups, since as observed in Chapter 3, TRPV4 MICA-activated samples often undergo 

a reduction on the metabolic activity of the cells over the initial 14 days of culture, while undergoing 

differentiation. The proliferative activity often resumes after the second week of culture, however, 

the luciferase readings were only performed up to 14 days of culture due to the fragile nature of the 

micromass culture. The metabolic activity measured for this study, only allowed to elucidate that the 

presence of the MNPs on the samples was not affecting cell viability however, this study was 

performed under static conditions and hence the effects of MICA activation over culture time remain 

unknown. 

The presence of TRPV4 channel was successfully demonstrated for all studied conditions. A notable 

increased presence of the channel was observed for those samples mechanically activated. The 

trafficking of the channel is a highly controlled process. Some studies suggest that the activation of 

the channel with the agonist GSK101 does not affect the trafficking of the channel (314). Nevertheless, 

opposing research suggests that following activation of the channel with GSK101, newly recruited 

channels are expressed in the membrane, followed by internalisation of the channel that is observed 

within 20 minutes after activation (250). The lack of literature available for the control of the channel 

trafficking after mechanical stimulation led to the preliminary study in Chapter 3 of the fate of the 

channel following activation. Despite the observation of the internalisation of particles by the 

invagination of the cell membrane, the limitations accessing a high-power microscopy hindered the 
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in-depth analysis. Further studies could elucidate the causes behind the increased presence of the 

channel on the cell membrane following MICA activation. 

Protocols for chondrogenic differentiation often culture cells for a standard period of 21 days (315–

317). However, other studies use longer periods of culture time, usually consisting of 28 days of culture 

(318,319). The longer culture of chondrogenic constructs under biochemical or mechanical 

stimulation, may enhance the development of hypertrophic constructs and reduce the mechanical 

properties of the tissue (320). With the aim of better understanding the gene expression pattern on 

the chondrogenic constructs, samples were cultured for 28 days. Collagen II expression was observed 

to be increased with culture time until termination of the experiment, however, this was not the case 

for aggrecan. The great increase of the collagen II might, hence, be a consequence of the chondrocytes 

turning into a hypertrophic phenotype, however, further assessment of hypertrophic markers such as 

collagen X will be further analysed in Chapter 5 in order to obtain more conclusive results. 

For the second part of this chapter, ovine MSCs, chondrocytes and de-differentiated chondrocytes 

were used to further examine the MICA potential for cartilage repair. Ovine cells were selected for 

this study with the intention of conducting a pre-clinical ovine trial, following the group work on an 

ovine model for bone repair. In the previous section, the TGF- was removed from the culture medium 

with the intention of testing the chondrogenic potential of MICA without adding one of the key 

differentiation factors. Nevertheless, the chondrogenesis on TRPV4 activated samples was observed 

to be similar with or without TGF-. For this reason, and with the aim of further understanding the 

relationship of TGF- and TRPV4 crosstalk, histological determination was performed on a 3D culture 

system. Moreover, TREK-1 and TRPV4 chondrogenic comparison was also assessed with the aim of 

selecting the more chondro-inductive pharmacological target for MICA activation. TGF- is a crucial 

factor for maintaining cartilage homeostasis and normal tissue development (321). However, it has 

been described to have both a protective and catabolic role (322). Despite the need for TGF- 

signalling for the healthy maintenance of cartilage and avoidance of the hypertrophic phenotype, it 
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has also been reporter that in aged chondrocytes, the TGF- pathway often switches from the anabolic 

SMAD2/3 pathway to the catabolic SMAD1/5/8 pathway and therefore, the activation of the pathway 

might not be beneficial for aged patients (323). 

For this study, samples cultured without TGF- showed similar chondrogenic potential for MICA 

activated samples, however, as previously observed in the eMSCs study, the effect was more 

enhanced when samples were cultured in a complete media. Moreover, this similarity was specially 

observed for TRPV4 activated pellets that showed similar levels of gene expression of the ECM 

markers. The relationship between TRPV4 and TGF-, is now beginning to be investigated. A study 

performed by O’Conor et al. reported increased TGF- expression for constructs under mechanical 

loading, or following TRPV4 activation with the agonist GSK101 (171). The lack of TGF- in the culture 

medium might be replaced by the activation of the growth factor expression directly by the 

mechanical stimulation of the constructs, and the TRPV4 pathway activation. Therefore, it was 

hypothesised that the similarity of the chondrogenic analysis in samples cultured without TGF- was 

due to the upregulation of TGF- in the cells following activation of the signalling pathway by MICA-

induced mechanical activation of TRPV4. Nevertheless, long culture times without the presence of 

TGF- could potentially induce chondrocytes to undergo a final differentiation towards the 

hypertrophic state (300) and therefore the large increase observed in some cases for gene expression 

could be a result of the cells entering this state. A further study on samples cultured without TGF- 

and without MNPs or MICA activation could potentially elucidate this hypothesis. 

Regardless of the enhanced chondrogenesis observed for samples cultured without TGF-, it was 

noted that the level of organisation of the ECM was higher for those groups cultured in complete 

media. There was a tendency observed for samples cultured in complete media to form an external 

ring of collagen and show GAGs deposited in the centre of the pellet sections. This could be correlated 

to the native tissue levels of organisation, being the superficial zone rich in collagen II and water, and 

the middle zone the richest region in proteoglycans (10). The higher organisation of the collagen fibres 
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was also supported by the polarised microscopy data, that showed a higher level of thickness and 

organisation for the collagen fibres produced by MICA activated samples cultured in complete 

chondrogenic media. 

This study was performed on MSCs, de-differentiated chondrocytes and freshly isolated chondrocytes 

(Supplementary figure 3). Interestingly, freshly isolated chondrocytes did not show any chondrogenic 

markers. These results were attributed to a bad donor, given that chondrocytes on passage 1 should 

retain some of their natural properties. In contrast to this, MSCs and de-differentiated chondrocytes 

showed a good chondrogenic response, being moderately improved for the de-differentiated 

chondrocytes. This was thought to be due to the retention of the chondrogenic potential of 

chondrocytes, as this has been previously reported in other studies (324,325). The combination of the 

results from this chapter, and the homogeneity of the response, supported by the available literature 

reporting the role of TRPV4 in chondrogenesis (1), led to selection of this channel as the 

pharmacological target for the further study of MICA as novel tool for remote cartilage repair. 

4.6 Conclusions 

The targeting of the mechano-sensitive proteins RGD, TREK-1 and TRPV4 improved the 

chondrogenesis on micromass culture. TRPV4 was selected as the main mechano-inductive target for 

the duration of this work, due to the enhanced production of ECM markers compared to RGD and the 

homogeneity on the chondrogenic response compared to TREK-1, in addition to the solid research 

supporting the essential role performed during chondrogenesis. MICA activation of the TRPV4 channel 

resulted in improved chondrogenic performance for all studied cell types and conditions, when 

compared to culture in chondrogenic media without further stimulation. The enhanced production of 

ECM markers has led to further investigation of the potential of this technology for obtaining cartilage 

constructs with improved functionality, which are able to fulfil the mechanical requirements of the 

native tissue. The evidence provided by the collagen 2 reporter cell line, and the histological staining 
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led to continuation of the study of the MICA technology on TRPV4 activation for cartilage repair, 

however, alternative cell sources will be investigated in the next chapter to evaluate the chondrogenic 

response for a potential cell therapy. 
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Chapter 5 

Human UC-MSCs as potential 
candidates for an injectable OA 

therapy                                                               
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5.1 Introduction 

Current tissue engineering treatments for OA repair are based on the use of autologous chondrocytes 

obtained from non-load bearing healthy areas of the patient’s own articular cartilage for regeneration 

of the damaged tissue. More novel approaches propose the delivery of autologous stem cells 

injections that aim to trigger intrinsic repair and resolve the inflammatory events.  Despite the 

chondrogenic potential observed for these cells sources in vitro, the donor age and health status may 

reflect on the potential of the cells to expand and differentiate (326,327). Often the donor presents a 

defect that  fails to meet the criteria for autologous cell therapy, hence, researchers are focusing on 

the study of  the safety and efficacy of allogenic cell treatments as an alternative cell source, 

demonstrating a promising potential (62).  

Adult stem cells can be obtained from several tissues such as adipose tissue, bone marrow, dental 

pulp, gastrointestinal tract, or synovial fluid. Despite the good chondrogenic response observed in 

vitro for bone marrow-derived MSCs, the invasive and painful method of extraction from the iliac crest 

or the pelvic bone, the variable amount of obtained cells and their donor-dependant expansion and 

differentiation potential, has set the focus on seeking for novel sources of MSCs. As an alternative, 

MSCs can also be obtained from extra-embryonic tissues such as the umbilical cord, the amniotic fluid 

or the placenta (328). 

The use umbilical cord-derived stem cells do not involve ethical concerns given that the tissue is often 

discarded. In addition, the painless extraction of the cells and the early age of the donor source, make 

them excellent candidates for tissue engineering techniques. UC-MSCs share properties with both 

adult MSCs and ESCs although they do not form teratomas. The key element for this cell source cells, 

is the possibility that they may have immune-privileged status which would make them a safe 

candidate for allogenic OA therapy (329). The chondrogenic potential of UC-MSCs has been previously 
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assessed with promising outcomes and some recent studies have begun to investigate the potential 

for OA repair in vivo (330,331).  

In terms of tissue engineering approaches for OA, articular chondrocyte implantation is among the 

most practiced treatments when aiming for not only symptomatic relief, but also self-regeneration of 

the damaged tissue. Despite the good outcomes reported after long-term follow-up on ACI patients, 

the limitations encountered with the donor site morbidity or the compromised success rate for defects 

bigger than 4.5 cm2, highlight the need for alternative therapies to be offered (332,333). 

Injectable stem cell therapies are becoming increasingly popular due to the ease of the administration 

procedure, low invasiveness, low cost of the technical procedure, the elimination of  the 2 surgery-

step for healthy tissue collection and more importantly, the promising clinical outcomes reported 

(273,334). However, these therapies also encounter some limitations due to the autologous source of 

stem cells, that is restricted by the proliferative and differentiation potential of the patient’s own cells. 

Hence, injectable therapies could potentially benefit from a novel stem cell source with high expansion 

capacity in order to achieve the required cell number. Moreover, the cell source should be able to 

successfully achieve chondrogenic differentiation, being able to generate native cartilage-like matrix, 

fulfilling the mechanical and functional needs of the tissue. 

Is also of great importance to consider that the chondrogenic potential of stem cells in vitro is often 

studied under the effect of chondro-inductive cues such as TGF- or BMP-2. Nevertheless, following 

in vivo injection of the MSCs, cells are subjected to the local niche microenvironment and 

chondrogenic events rely on the paracrine effect of the cells, due to the lack of vascularisation in the 

tissue. The possibility of guiding the stem cell fate remotely could introduce an enormous advantage 

for cell-based therapies.  

The work described in this chapter aims to study the chondrogenic potential of umbilical cord-derived 

stem cells in response to MICA stimulation and biochemical treatment, with the aim of studying UC-
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MSCs as a potential allogenic source for an OA injectable therapy. The initial study was focused on in 

vitro differentiation of human primary UC-MSCs with the objective of potentially translating the study 

into an ovine model.  

5.2 Aims 

The aims of this chapter were: 

 To study the chondrogenic potential of hUC-MSCs with the aid of biochemical factors and the 

use of the MICA technology in comparison with BM-MSCs 

 To assess the variability on the chondrogenic response on 3 different donors 

 To assess the length of MICA stimulation time required to induce chondrogenesis 

 To design an injectable therapy with hUC-MSCs and MICA technology for a pre-clinical trial on 

an ovine model 

5.3 Methods 

5.3.1 Experimental design 

The experiments performed for this chapter were done testing human UC-MSCs from 3 different 

donors, obtained from The Robert Jones and Agnes Hunt orthopaedic hospital, and treated as 

indicated in section 2.3.5. Due to the need of large number of cells for pellet formation, cells were 

expanded to passage 4 and 5. 

Cells were cultured and expanded as described in section 2.3.5 and when achieved an optimal number 

of cells (2x105 cells per pellet), cells were labelled with TRPV4-MNPs and pellets were formed following 

the protocols in sections 2.5.4 and 2.3.7 and cultured in chondrogenic media for hUC-MSC (section 

2.4). This process was repeated using stem cells from 3 different donors, and a fourth time combining 

the 3 donors together. For the pooled experiment, cells were labelled as described in section 2.11 with 

a tracking agent to assess the effect of the dye prior to carry in vivo experiments (Results not shown). 
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Pellets were studied at different culture time points: 24 hours after formation and at days 7, 10 (results 

not shown), 14 and 21 of culture. For each time point, cells were processed for further analysis and 

stored in appropriate conditions in order to perform the analysis at once, with the aim of avoiding 

variability on the results. Samples were stimulated with the magnetic force bioreactor as per described 

in 2.6 on a regime of 1 hour of stimulation for 5 days followed by 2 resting days. Pellets were firstly 

stimulated on the following day after formation (excepting for the 24-hour time point sample to be 

collected). Samples were stimulated for the same amount of days before the 2-day break in order to 

maintain homogeneity.  

For the 3 repetitions of the experiment, some experimental groups were preserved, and new groups 

were incorporated with the aim of testing all possible experimental conditions (Table 5-1). The lack of 

repeats for some groups was caused by the limited amount of cells at a maximum determined passage 

with the aim of avoiding loss of potency of the cells. Hence, a decision had to be met to test certain 

groups for each donor to avoid from missing relevant culture conditions. For this reason, the positive 

control was only tested for 2 donors, and used for comparative purposes for donor 2 were it was found 

the highest limitation on cell number for pellet formation. For all groups except unlabelled MNPs, 

repeats were done in at least 2 donors. Cells were cultured in chondrogenic media described in section 

2.4, containing 10% FBS, unless stated otherwise. An experimental group was also cultured with the 

TRPV4 chemical agonist, GSK101, following the protocol in section 2.4.1. 
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Table 5-1. Experimental groups for the 2 different hUC-MSC donors. 

Group Donor 1 Donor 2 Donor 3 

Cells ✔ ✔ ✔ 

Cells (1% FBS)  ✔ ✔ 

Cells + MNPs  ✔  

Cells + GSK101 ✔  ✔ 

Cells + TRPV4 MNPs Static ✔  ✔ 

Cells + TRPV4 MNPs (1% FBS)  ✔ ✔ 

Cells + TRPV4 MNPs +MICA ✔ ✔ ✔ 

Cells + TRPV4 MNPs +MICA (1% FBS) ✔ ✔ ✔ 

 

With the aim of simplifying the experimental conditions for a potential in vivo experiment, the effects 

of a shorter MICA activation of the pellets was tested; 7 days of stimulation against 21 days 

(Supplementary figures 4 and 5). Analysis was performed on days 0, 7, 14 and 21. (Table 5-2). In 

addition, some samples were labelled with a cell tracker (section 2.11) to assess the effects of the 

tracking dye in the pellet formation and proliferation (Results not shown). 

Table 5-2. Pooled donors experimental conditions for each studied time point. 

 

The area of the pellets from donor 1 was measured for 1 sample per group with the aim of evaluating 

any major changes of the pellet size before setting the culture conditions in future experiments. The 

Group Day 7 Day 14 Day 21 

Cells ✔ ✔ ✔ 

Cells + GSK101 ✔ ✔ ✔ 

Cells + TRPV4 MNPs Static ✔ ✔ ✔ 

Cells + TRPV4 MNPs + 7-day MICA ✔ ✔ ✔ 

Cells + TRPV4 MNPs + 21-day MICA    ✔ 
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total area of the pellet was measured by hand-drawing the area around the sample and obtaining the 

area in m by the software of the microscope EVOS M5000. 

5.3.2 Histological and immunohistochemical analysis 

The histological analysis of the pellets aimed to measure the chondrogenic potential of the UC-MSCs 

and the quality of the cartilage formed. For this purpose, the histological assessment was done in 

duplicate samples and 3 sections per sample (only shown results from 1 sample), for all 4 experiments, 

and samples were stained with toluidine blue (section 2.7.6), GAGs detection with alcian blue (section 

2.7.7), picrosirius red for collagen visualisation (section 2.7.8) and safranin O for proteoglycan 

detection (section 2.7.10, results not shown). Samples were also stained with prussian blue for 

visualisation of the iron content of the MNPs (section 2.7.9) and haematoxylin and eosin for general 

observation (section 2.7.5, results not shown). 

Immunohistochemistry was performed in order to visualise more specific cartilage markers. Following 

indications in section 2.9, one pellet per group and 3-4 sections per pellet were stained with Collagen 

II, Collagen X, SOX9 and Ki67 markers and imaged with the automated microscope Cytation 5. Settings 

were kept the same for all 4 experiments for comparative purposes. The fluorescent analysis was 

quantified by Image J by measuring the total fluorescent intensity in a designated area for all pictures 

taken per pellet (Section 2.9.5). 

5.3.3 Gene expression and DNA / sGAGs analysis 

Molecular biology and biochemical assays were restrained to certain experiments due to the lack of 

samples from each donor to perform all tests. For donor 1, a total of 5 pellets per group were digested, 

and RNA was extracted and converted to cDNA for gene expression analysis (sections 2.15 and 2.16). 

From each individual sample, 3 replicates were tested for statistical relevance. The expression of 

COL2A1, ACAN, SOX9 and COL10A1 was determined and normalised to GAPDH expression levels as 

per indicated in section 2.17. 
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For donor 3 and the experiment performed with the combination of cells from all 3 donors, the 

glycosaminoglycans were quantified relative to the amount of DNA present in the samples. From each 

experimental group, 3 samples were digested (section 2.12) and GAGs were measured by the DMMB 

assay in triplicates and normalised to the DNA measured by the PicoGreenTM assay (sections 2.13 and 

2.14). 

5.3.4 Statistical analysis 

Statistical analysis was performed as indicated in section 2.24. 
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5.4 Results 

5.4.1 Pellet size analysis 

The pellet total area was measured for the first donor for all time points studied (Figure 5-1). Samples 

measured 24 hours after inducting the pellet formation were on the process of curling in order to form 

a dense and rounded construct. For this reason, irregular-shaped structures were observed, 

corresponding to the sheet of cells that is formed prior to achieving the dense and rounded 

morphology of the pellet.  Hence, the total area was seemingly bigger due to the non-uniform shape 

of the samples (results not shown).  

In general, across the experimental groups, pellet size increased from day 7 to day 21 of culture with 

the greatest changes observed during the initial 2 weeks of culture. No statistical differences were 

found between the studied groups, however, there was a slight growth elevation of MICA activated 

pellets when cultured with 1% FBS. The overall increase in pellet size with culture time was further 

evaluated by histological means to determine the nature of the sample growth. 
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Figure 5-1. Pellet size increases with culture time for all groups with a tendency for enhanced size in 

MICA activated samples cultured with 1% FBS. Total area of the pellets manually delimited for all 

groups from donor 1 samples at all culture time points, n=1. 



195 
 

5.4.2 Pellet histology 

5.4.2.1 Prussian blue 

The presence of the MNPs was assessed on pellet sections. The distribution of the MNPs remained 

throughout the pellet for all groups until the termination of the experiment (Figure 5-2). Pellets 

labelled with TRPV4-MNPs cultured in 10% FBS in both static and MICA conditions showed some 

aggregation of MNPs in the form of darker stained areas, however, the distribution of the MNPs was 

homogeneous in the rest of the surface. For samples labelled with TRPV4-MNPs and cultured in low 

serum media, the presence of MNPs on the pellets seemed to be lower compared to the previous 

groups and there was less aggregation. No particles were detected in unlabelled samples. 
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Figure 5-2. MNPs were present after 21 days of culture with some areas of higher aggregation. 

Representative images of MNPs stained with prussian blue on 7 m pellet sections from donor 1 at 

days 7 and 21 of culture on A) not labelled pellets and B) samples labelled with TRPV4-MNPs. The iron 

content of the MNPs is stained in blue. Scale bar = 100 m.  
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Pellets from donor 2 labelled with MNPs also showed presence of iron on the sample area with clear 

small clusters of MNPs in some areas and a general distribution of MNPs all over the sample (Figure 

5-3). Samples cultured in 1% FBS seemed to match results from donor 1 with a lighter blue staining 

indicative of less aggregation of MNPs. No presence of particles was detected in unlabelled samples. 
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Figure 5-3. Clustering of MNPs was present in all samples and similar concentration of particles was 

observed after 21 days of culture. Representative images of Nanomag 250 nm stained with prussian 

blue on pellet sections from donor 2 of 7 m at days 7 and 21 of cultured on A) samples not labelled 

with MNPs and B) samples labelled with TRPV4-MNPs. The iron content of the magnetic nanoparticles 

is stained in blue. Scale bar = 100 m. 
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Samples from donor 3 showed a wide spread distribution of the MNPs across the pellet area with 

evident less aggregation than observed for previous donors (Figure 5-4). Little to no aggregation of 

MNPs was observed regardless of the group or the culture conditions. Samples not labelled with MNPs 

did not exhibit presence of MNPs.  
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Figure 5-4. MNPs were homogeneously distributed on the sections with little clustering observed. 

Representative images of Nanomag 250 nm stained with prussian blue on pellet sections from donor 

3 of 7 m at days 7 and 21 of cultured on A) samples not labelled with MNPs and B) samples labelled 

with TRPV4-MNPs. The iron content of the magnetic nanoparticles is stained in blue and indicated by 

black arrows. Scale bar = 100 m. 
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When analysing pellets formed of the combination of cells from the 3 donors, a homogeneous 

distribution of particles was also observed with little clustering of the MNPs (Figure 5-5). The data 

demonstrated little reduction of MNPs presence within the pellets over the time course of the 

experiment. As for the previous cases, no differences were observed among samples submitted to a 

magnetic field and samples under static conditions, indicating the lack of influence of the magnetic 

force on the particle distribution after pellet formation. 
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Figure 5-5. Homogeneous distribution of MNPs observed on pellet sections from pooled donors. 

Representative images of Nanomag 250 nm stained with prussian blue on pellet sections of 7 m at 

days 7 and 21 of cultured on A) samples not labelled with MNPs and B) samples labelled with TRPV4-

MNPs. The iron content of the magnetic nanoparticles is stained in blue and indicated by black arrows. 

Scale bar = 100 m. 
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4.4.2.2 Alcian blue: sulphated GAGs determination 

Pellets were stained with alcian blue to reveal the presence of sulphated GAGs on the samples, 

correlated with an optimum cartilage ECM formation. Alcian blue at pH 1 stains for sulphated GAGs 

showing higher sGAG deposition with increased stained intensity. In order to compare the results to 

native tissue, human cartilage tissue sections were stained following the same procedure and control 

pellet samples were stained 24-hour after pellet setting for comparative purposes (Figure 5-6). 

 

 

 

 

 

 

Donors 1 and 2 shared very similar results after 21 days (Figures 5-7 and 5-8). Over the first week of 

culture, samples started to exhibit a discrete amount of stain, being more evident in TRPV4 stimulated 

samples either by addition of the chemical agonist, GSK101, or by magnetic activation. sGAGs 

deposition was imaged at days 10 and 14 of culture (results not shown) with similar trends until day 

21 which was the time point when the biggest differences were observed. For donor 1, samples 

cultured in 10% FBS with GSK101 and MICA activation showed an increase in the intensity of the stain, 

indicating higher levels of sGAGs production. Donor 2 pellets matched the previous results with 

enhanced sGAGs in MICA activated samples. Interestingly, samples cultured in 1% FBS for both donors 

appear to have a reduced amount of GAGs regardless of the experimental conditions. When compared 

Day 0  Human cartilage control 

Figure 5-6. Alcian blue staining of a pellet sample at day 0 of culture and human cartilage samples. 

Sections of 7 m of pellets cultured for 24 hours were used for comparative purposes (scale bar = 100 

m). Native cartilage sections of 7 m were stained as positive control. Scale bars = 250 and 50 m.  
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to the human cartilage control, both groups, GSK101 and TRPV4 MNPs MICA-stimulated, exhibited a 

similar intensity of the stain. Nevertheless, at higher magnifications the pericellular structure observed 

in the positive controls was not able to be observed for the studied samples. Donor 3 pellet sections 

showed a different profile to the previous two donors (Figure 5-9). Overall, the intensity of the stain 

had a light appearance with no noticeable changes from initial time points until termination of the 

experiment. There was little variation between groups and no correlation was observed between 

samples cultured with 10% or 1% FBS. Higher magnification images showed a non-homogeneous 

distribution of sGAGs across the sections surface (results not shown). 
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Figure 5-7. TRPV4 activated samples showed enhanced sGAGs deposition. Representative images of 

pellet sections of 7 m from donor 1 stained with alcian blue for sulphated GAGs reveal at days 7 and 

21 of culture. The higher intensity of the colour of the stain reveals the presence of GAGs in the 

sections.  Scale bar = 100 m. 
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Figure 5-8. MICA activated samples cultured in 10% FBS showed evident increase in sGAGs production. Representative images of pellet sections of 7 m 

from donor 2 stained with alcian blue for sulphated GAGs reveal at days 7 and 21 of culture for samples cultured in 10% (left) and 1% FBS (right) The higher 

intensity of the colour of the stain reveals the presence of GAGs in the sections.  Scale bar = 100 m. 
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Figure 5-9. Lower stain intensity was observed for all studied groups from donor 3 samples. Representative images of pellet sections of 7 m from donor 3 

stained with alcian blue for sulphated GAGs reveal at days 7 and 21 of culture for samples cultured in 10% (left) and 1% FBS (right). The higher intensity of 

the colour of the stain reveals the presence of GAGs in the sections.  Scale bar = 100 m. 
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Pellets formed from pooling cells from all 3 donors showed overall similar results to donors 1 and 2, 

with increased sGAGs deposition over culture time (Figure 5-10). Chemically or mechanically TRPV4 

activated samples showed increased sGAGs deposition when compared to the control pellets. The 

stain was homogeneously distributed on the pellet sections for all studied groups. Control samples 

exhibited little sGAG deposition. When comparing the MICA stimulated samples for 7 days alone (7 

days of magnetic stimulation and 21 days of culture) with samples cultured and stimulated for 21 days, 

no evident differences were observed (Supplementary figure 4).  
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Figure 5-10. Similar sGAG deposition to previous experiments was observed with lower stain 

intensity levels for control samples. Representative images of pellet sections of 7 m from pooled 

donors stained with alcian blue for sulphated GAGs imaged at days 7 and 21 of culture. The higher 

intensity of the stain reveals the presence of GAGs in the sections.  Scale bar = 100 m. 
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5.4.2.3 Toluidine blue determination of proteoglycans 

Samples were stained with toluidine blue, a dye that exposes the presence of proteoglycans in the 

sample by detecting a purple coloration on the sections and staining in blue the background 

structures. Human cartilage was stained as positive control as shown in Figure 5-11. The control clearly 

shows a purple coloration with chondrocytes arranged in columns. For comparative purposes, a 

section from a pellet cultured for 24 hours was used clearly showing a blue coloration and lack of GAGs 

present at this early time of culture. 

 

 

 

 

 

 

 

 

 

Pellet sections from all 3 donors were stained with toluidine blue after 24 hours of culture, and at day 

7, 10, 14 (results not shown) and 21 of culture to observe the proteoglycan production on the pellets. 

At day 7 the purple stain was not observed, however, by day 21, there was an increase in the 

metachromatic purple stain, observed for all 3 donors. As previously detected with alcian blue staining 

of sGAGs, high similarity of responses among the samples from donor 1 and donor 2 was observed 

(Figures 5-12 and 5-13). Samples cultured in 10% FBS that were activated by GSK101 or MICA showed 

enhanced proteoglycan deposition, as observed by the presence of a purple metachromatic staining 

Day 0  Human cartilage control 

Figure 5-11. Toluidine blue staining of negative and positive controls. Representative fluorescence 

images of 7 m sections of a 24-hour cultured pellet section (scale bar = 100 m) and native cartilage 

tissue (scale bars = 50 m and 150 m) with toluidine blue staining GAGs. The stain shows a purple 

colouring when bound to GAGs and a blue tone for the rest of the structures. 
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pattern spread across the sample. This was not observed for samples stimulated or unstimulated when 

cultured in 1% FBS. Control samples cultured in both serum conditions did not show enhanced 

proteoglycan production. A thin outer purple ring was observed on the samples with higher GAG 

deposition, however, the metachromatic purple stain was also observed across all the surface of these 

samples. This was not the case of samples having lower presence of the marker, which was mostly 

located peripherally.  All 3 donors had a greater production of proteoglycans for the 10 % FBS MICA-

treated samples, however, donor 3 samples appeared to overall have a much lower production of 

GAGs. Donor 3 pellets showed already from early time points less stain intensity and this phenomenon 

was observed throughout the culture period (Figure 5-14). Interestingly, at day 21, some samples 

appeared to have loss some of the stain intensity becoming difficult to visualise, especially for the 

TRPV4 static group cultured in 1% FBS. 
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Figure 5-12. Enhanced proteoglycan production observed for TRPV4 stimulated samples. 

Representative images of pellet sections of 7 m from donor 1 stained with toluidine blue for GAGs 

detection at days 7 and 21 of culture. The stain shows a purple colouring when bound to GAGs and a 

blue tone for the rest of the structures. Scale bar = 100 m. 
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Figure 5-13. Higher GAGs production for groups cultured in 10% FBS than for the same groups cultured in 1% FBS.  Representative images of pellet sections 

cultured in 10% FBS (left) and 1% FBS (right) of 7 m from donor 2 stained with toluidine blue for GAGs detection at days 7 and 21 of culture. The stain shows 

a purple colouring when bound to GAGs and a blue tone for the rest of the structures. Scale bar = 100 m.  
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Figure 5-14. Lower intensity of the stain was found in donor 3 for all studied groups when compared to previous donors. Representative images of pellet 

sections of 7 m from donor 3 cultured in 10% FBS (left) and 1% FBS (right) stained with toluidine blue for GAGs detection at days 7 and 21 of culture. The 

stain shows a purple colouring when bound to GAGs and a blue tone for the rest of the structures. Scale bar = 100 m. 
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Pellets formed from pooled donors reflected the results observed from the individual donors, with 

exception of the low chondrogenic potential observed in donor 3 (Figure 5-15). Proteoglycans were 

able to be visualised already by day 7, with a patchy distribution over the pellet area, especially for 

TRPV4 stimulated groups. The GAG deposition continued to increase until day 21 when an almost 

uniform production was observed on the pellet sections. The control sample without MNPs or 

stimulation had the lower amount of metachromatic purple stain. Pellets cultured with GSK101 and 

pellets labelled with TRPV4 MNPs cultured under static conditions exhibited a homogeneous 

distribution of the marker. The MICA group showed increased GAG deposition when compared to the 

other groups. The purple stain was observed in the whole section surface, however, the central area 

appeared to have increased intensity of the metachromatic stain. 
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Figure 5-15. MICA stimulated samples showed evident enhanced GAGs production.  Representative 

images of pellet sections of 7 m from pooled donors stained with toluidine blue for GAGs detection 

at days 7 and 21 of culture. The stain shows a purple colouring when bound to GAGs and a blue tone 

for the rest of the structures. Scale bar = 100 m. 



210 
 

5.4.2.4 Collagen production study: Picrosirius red, collagen II and X analysis 

The production of collagen on the cartilage constructs was measured through histological staining 

with picrosirius red, which stains collagen fibres with a red tone while the background is stained in 

yellow by the picric acid of the stain. In addition, it allows for observation of the collagen fibres under 

polarised light giving information of the fibre thickness and orientation, due to the birefringent nature 

of the stain. This is due to the different amount of absorption of polarised light by the collagen dye, 

dependant on the orientation of the collagen fibres (335). For a more complete analysis, collagen II 

and collagen X production were visualised through immunohistochemical analysis and the fluorescent 

intensity was quantified by Image J software analysis. Day 0 sections of the pellets and human cartilage 

control sections were also stained with picrosirius red (Figure 5-16). As expected, a zonal staining of 

collagen was observed in human cartilage with more intense staining on the parallel fibres of the 

surface (bottom of the images) and less intense staining on the calcified zone (top area of the images). 

No collagen was detected at day 0 being able to only visualise the yellow background stain from the 

picric acid. 
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Figure 5-16. Picrosirius red staining of collagen of day 0 pellet and human cartilage controls. 

Representative images of collagen stained with picrosirius red of a day 0 pellet section of 7 m (scale 

bar = 100 m) and of 7 m human cartilage samples (scale bars = 150 and 100 m).  Collagen fibres 

are shown in a red colour and the background in yellow. 
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Histological analysis with picrosirius red revealed for all 3 donors an increased production of collagen 

in TRPV4 MICA-activated and GSKS101 groups when cultured in 10 % FBS (Figures 5-17, 5-18 and 5-

19). The red colouring of the stain was able to be noticed from early culture time points for most 

samples. Collagen was present as individual fibres dispersed among the pellet area. The deposition of 

the marker was observed to greatly increase by day 21 of culture. By the termination of the 

experiment, all samples presented some level of collagen deposition although variable among studied 

groups. The collagen distribution on the pellets was variable, observing an almost homogeneous 

distribution of the marker for the TRPV4 MICA and GSK101 groups cultured in 10% FBS for donors 1 

and 3. The remaining studied groups and all samples from donor 2 showed, however, a localised 

deposition of the marker. Nevertheless, none of the samples exhibited the same homogeneity of the 

staining observed in native cartilage tissue controls, being always present some degree of fibre 

patches. Overall samples cultured in 1% FBS presented lower collagen deposition than the same 

groups cultured in 10% FBS. 
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Figure 5-17. Higher collagen deposition for TRPV4 activated samples with a homogeneous 

distribution. Representative images of 7 m pellet sections stained with picrosirius red from donor 1 

of all groups cultured in 10% FBS (left) and 1% FBS (right) were stained at day 7 and day 21 of culture. 

Collagen fibres are shown in a red colour and the background in yellow. Scale bar = 100 m. 
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Figure 5-18. Samples cultured in 10% FBS showed higher collagen production than the homologous groups cultured in 1% FBS. Representative images of 

pellet sections from donor 2 of 7 m from all groups cultured in 10% FBS (left) and 1% FBS (right) were stained with picrosirius red at day 7 and day 21 of 

culture. Collagen fibres are shown in a red colour and the background in yellow. Scale bar = 100 m. 
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Figure 5-19. Higher collagen production for samples cultured in 10% FBS with MICA stimulated group showing an increased production of the marker. 

Representative images of pellet sections from donor 3 of 7 m from all groups cultured in 10% FBS (left) and 1% FBS (right) were stained with picrosirius red 

at day 7 and day 21 of culture. Collagen fibres are shown in a red colour and the background in yellow. Scale bar = 100 m. 
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Samples from combined donors showed higher collagen deposition at early time points than observed 

from the individual donors (Figure 5-20). Opposing to the observations from individual donors, the 

collagen production was evident for all groups by day 7, with higher presence of the stain than 

previously observed.  The collagen produced was distributed in fibre bundles without any apparent 

level of organisation. Similar intensity of the stain was observed for all groups at all compared time 

points, with differences being found among the distribution pattern of the red stain. After 21 days of 

culture, the collagen deposition was observed to have increased resulting in a more homogeneous 

distribution. Nevertheless, the collagen produced by the control sample was observed to be 

accumulated in some areas of the pellet with an uneven distribution, unlike observed for TRPV4 

stimulated samples. MICA activated samples had an irregular distribution of the stain for early time 

points that covered the whole surface of the sample after 21 days of culture. 
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Figure 5-20. Enhanced collagen production at early time points for all studied groups. Pellet sections 

of 7 m from all groups were stained with picrosirius red at day 7 and day 21 of culture. Collagen 

fibres are shown in a red colour and the background in yellow. Scale bar = 100 m. 
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Immunohistochemical analysis was performed on the pellet sections for all time points with the aim 

of studying the production of collagen II, considered a key marker of native cartilage (Figure 5-21). 

Collagen X expression was also studied to observe if activation of TRPV4 induced hypertrophy on the 

constructs. To enable comparison, day 0 pellet sections were stained for both markers and native 

cartilage tissue was used as a gold-standard positive control. No collagen production of any type was 

observed in pellets from day 0. Human cartilage samples showed evident and homogeneous collagen 

II stain, with increased intensity on the borders of the section. Little to no collagen X was observed in 

the native tissue.  

 

 

 

 

 

 

 

 

Matching the results observed previously, all 3 donors’ samples were observed to exhibit a higher 

production of collagen II for the TRPV4 MICA group when cultured in 10 % FBS (Figures 5-22, 5-23 and 

5-24). The majority of samples had some levels of collagen II production by day 7, being less noticeable 

in the cells only controls. After 21 days, the increase on the marker production was evident for all 
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Figure 5-21. Day 0 pellet and cartilage positive control. Representative immunofluorescence images 

of 7 m sections stained with collagen II (top) and collagen X (bottom) of pellets cultured for 24 hours 

(scale bar = 200 m) and of human native cartilage (scale bars = 100 m). Collagen II and X are shown 

as red and DAPI as blue. 
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cases, being also present in the control groups cultured in chondrogenic media. Donors 1 and 3 

appeared to have a greater collagen II production when compared to donor 2. Overall, samples 

cultured in 1% FBS had a lower intensity of the stain, matching with previous histological results. The 

distribution of the collagen II was observed to be relatively homogeneous for most of the sections as 

observed in the human cartilage control samples.   There was no collagen X in day 7 samples with the 

exception of TRPV4 MICA-stimulated samples cultured in 1% FBS, that presented mild signs of 

fluorescence for donor 2.  Little to no changes on collagen production were observed after 21 days for 

any of the donors, being only noticeable some levels of collagen X deposition on samples labelled with 

unspecific MNPs.  Overall, a small amount of fluorescent stain was  detected for the samples cultured 

in 1% FBS being relatively low compared with the fluorescent levels  displayed for collagen II staining.
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Figure 5-22. TRPV4 activated samples showed enhanced collagen II production and little collagen X 

was detected after 21 days. Representative immunohistochemical fluorescence images of pellet 

sections of 7 m at days 7 and 21 for all groups cultured in 10% FBS (left) and 1% FBS (right) from 

donor 1 pellets. Collagen II (top) and X (bottom) are shown read and DAPI stains nuclei in blue. Scale 

bar = 200 m. 
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Figure 5-23. Lower general production of collagen II with enhanced production on MICA activated groups and mild presence of collagen X detected for 

samples after 21 days of culture. Representative immunohistochemical fluorescence images of pellet sections of 7 m at days 7 and 21 for all groups cultured 

in 10% FBS (left) and 1% FBS (right) from donor 2 pellets. Collagen II (top) and X (bottom) are shown read and DAPI stains nuclei in blue. Scale bar = 200 m. 
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Figure 5-24. High levels of collagen II were detected with more pronounced production of MICA samples cultured in 10 % FBS and low overall collagen X 

production. Representative immunohistochemical fluorescence images of pellet sections of 7 m at days 7 and 21 for all groups cultured in 10% FBS (left) 

and 1% FBS (right) from donor 3 pellets. Collagen II (top) and X (bottom) are shown read and DAPI stains nuclei in blue. Scale bar = 200 m. 
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The results observed in pellets from combined donors followed the same general pattern observed 

from individual donors. Collagen II production was observed from early time points for all groups, 

being slightly less noticeable on the cells control group (Figure 5-25). Matching with previous results, 

the intensity of the fluorescent stain increased by day 21 for all groups. The higher marker production 

was observed in TRPV4-MNPs labelled samples with or without magnetic stimulation. As previously 

observed, collagen X was not present by day 7 and a mild production was observed by day 21, being 

more evident in the cells control group and in samples stimulated with GSK101.  
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Figure 5-25. Increased levels of collagen II with culture time, with higher presence in TRPV4 MNPs-

labelled samples and low detection of collagen X. Representative immunohistochemical fluorescence 

images of pellet sections of 7 m at days 7 and 21 for all groups from combined donors. Collagen II 

(top) and X (bottom) are shown read and DAPI stains nuclei in blue. Scale bar = 200 m. 
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The fluorescence intensity of the samples stained with collagen II was quantified by Image J for each 

of the 3 sections imaged per studied group and for all 4 time points (Figure 5-26). This procedure was 

not applied to collagen X due to low levels of the marker detected. The differences between groups 

were higher in samples from donors 1 and 3 as previously observed in the images. Overall, both donors 

1 and 2 had higher collagen II production in TRPV4 MICA-stimulated samples cultured in 10 % FBS. 

Samples stimulated with the chemical agonist GSK101 had increased fluorescence values when 

compared to the remaining groups, however, the intensity was always lower than the TRPV4 MICA 

group. Samples cultured in 1% FBS had lower values when compared to samples cultured in 10% FBS. 

Donor 2 fluorescence analysis showed reduced statistical differences among groups, with higher 

expression observed for TRPV4 MNPs-labelled samples cultured in both 10 % and 1 % FBS and samples 

labelled with unspecific MNPs. Analysis from pooled donors showed a similar tendency to donors 1 

and 2 with higher expression observed for chemically and mechanically activated TRPV4 groups. 
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Figure 5-26. Lower collagen II production in samples cultured in 1% FBS. Collagen II quantified data 

was obtained from 3 images from each group and quantified by Image J. Data is expressed as the 

mean ± standard deviation, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
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5.4.2.5 SOX9 immunohistochemistry 

The presence of the well-studied chondrogenic marker was analysed through immunohistochemical 

analysis. SOX9 is responsible for collagen II and aggrecan production, being a key factor involved in 

chondrogenic differentiation. This transcription factor is an early marker, being often observed from 

the first days of culture. Control samples of day 0 pellets and human native cartilage were stained 

following the same procedure as for the experimental samples. The chondrogenic marker was 

observed after 24 hours of culture in chondrogenic media (Figure 5-27). In human adult cartilage, the 

presence of the marker was limited to the cell periphery located near the nuclei stained with DAPI.  

 

 

 

 

Immunohistochemical staining of pellets from each of the individual donors revealed a similar pattern 

for all cases (Figures 5-28, 5-29 and 5-30). Early production of SOX9 was observed in TRPV4 stimulated 

samples with MICA or GSK101 cultured in both 10% and 1% FBS by day 7. The intensity of the stain 

was reduced after 21 days of culture for these groups, as expected by the early-expressing nature of 

the studied marker. While stimulated groups peaked on day 7, control groups cultured alone with 

chondrogenic media had some SOX9 production by day 7 that continued to increase and peaked at 

later time points. Samples cultured with the TRPV4 chemical agonist GSK101, peaked by day 7 and 

maintained the same intensity until day 14, followed by an evident decrease of the presence of the 

Day 0  Human cartilage control 

Figure 5-27. Day 0 pellet and cartilage positive control. Representative immunofluorescence images 

of SOX9 on a 7 m pellet section cultured for 24 hours (scale bar = 200 m) and 7 m sections of 

human native cartilage (scale bars = 100 m). SOX9 is shown as red and DAPI as blue. 
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marker after 21 days. The production of SOX9 was distributed in patches, always located near the 

nucleus stained with DAPI. Little difference was observed between samples cultured in 10% and 1% 

FBS, being slightly higher the fluorescent intensity for the samples cultured in higher serum conditions. 

Donors 1 and 2 showed similar level of fluorescence intensity for the same groups, however, donor 3 

was observed to overall have higher intensity for each of the groups. The stain distribution was patchy, 

close to the nuclei stained with DAPI, however, some samples were observed to have a greater 

production of the marker on the periphery of the section. This was the case for the samples that had 

higher fluorescence intensity, TRPV4 MICA static and dynamic groups and GSK101 samples. Some 

individual dots of stain were observed for these samples being attributed to unwashed antibody. 
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Figure 5-28. SOX9 was detected from early time points for MICA activated group cultured in 10% 

FBS that increased with culture time. Representative immunohistochemical fluorescence images of 

pellet sections of 7 m at days 7, 14 and 21 for all groups from donor 1. SOX9 is shown read and DAPI 

stains nuclei in blue. Scale bar = 200 m. 
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Figure 5-29. Early detection of SOX9 in TRPV4 MICA samples cultured in 10% FBS with low overall production over culture time for all groups. 

Representative immunohistochemical fluorescence images of pellet sections of 7 m at days 7, 14 and 21 for all groups from donor 2 cultured in 10% FBS 

(left) and 1% FBS (right). SOX9 is shown read and DAPI stains nuclei in blue. Scale bar = 200 m. 
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Figure 5-30. Higher SOX9 expression from early time points that was maintained with culture time for all samples cultured in 10% FBS. Representative 

immunohistochemical fluorescence mages of pellet sections of 7 m at days 7 14 and 21 for all groups from donor 3 cultured in 10% FBS (left) and 1% FBS 

(right). SOX9 is shown read and DAPI stains nuclei in blue. Scale bar = 200 m. 
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 The results for the immunohistochemical staining of SOX9 seen in samples from combined donors 

were similar to the ones observed from individual donors (Figure 5-31). All groups except for the cells 

control exhibited a moderate to high intensity of the fluorescence at day 7. The control group with 

cells only showed increased production of SOX9 with culture time peaking by day 21. Unlike previous 

observations, where intensity decreased by day 21, pellets cultured with TRPV4-MNPs and GSK101 

had a sustained or increased intensity of the stain over the culture time. The localisation of the marker 

was not homogeneous and it was generally produced located near to the nuclei. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The quantitative analysis of the fluorescence intensity from SOX9 pellet sections (Figure 5-32) revealed 

that GSK101, TRPV4-MNPs static and TRPV4-MNPs MICA groups cultured in 10% FBS presented the 

higher fluorescence peaks. Statistical analysis revealed significant differences between these groups 

and the controls cultured in both serum conditions and the remaining groups cultured in 1% FBS. 

Samples cultured with unspecific MNPs also had a significant reduction of the intensity when 
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Figure 5-31. High presence of SOX9 was detected from day 7 for all groups except for the control 

with a continuous growth over culture time. Representative immunohistochemical fluorescent 

images of pellet sections of 7 m at days 7, 14 and 21 for all groups from samples made from pooled 

donors. SOX9 is shown read and DAPI stains nuclei in blue. Scale bar = 200 m. 
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compared to TRPV4 stimulated groups. Pellets cultured with TRPV4 MNPs under static conditions, 

however, presented higher variability between the 3 sections that were compared from each donor. 

Some of the groups showing higher fluorescence intensity peaked at day 14 decreasing by the next 

time point whereas others had continuous growth of the intensity signal that continued until day 21. 

Samples cultured in 1% FBS and the control cultured in 10% FBS showed lower intensity than other 

groups, with a tendency to maintain or decrease the intensity over culture time. Nevertheless, 

samples cultured in 1% FBS presented variability of the results, showing higher intensity on donor 2 

experiment when compared to donor 3 and hence, a conclusion could not be met. 
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Figure 5-32. Variability observed in the results with more consistency found among TRPV4 activated 

groups. Data was obtained from 3 images of each group and quantified by Image J. Data is expressed 

as the mean ± standard deviation, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
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5.4.2.6 Ki67 immunohistochemistry: A proliferation study 

The proliferative status of the pellets was studied by immunohistochemical fluorescence analysis of 

the Ki67 marker. Ki67 is a nuclear protein commonly used as a proliferation marker in multiple types 

of cancers. It has been described to be highly expressed in cycling cells and strongly down-regulated 

in cells resting in G0 (336).  For comparative purposes, immunohistochemistry of Ki67 was performed 

in day 0 pellet sections showing a homogeneous distribution of the marker on the section (Figure 5-

33). Nevertheless, the samples were cultured for 24 hours in chondrogenic media, hence, some levels 

of differentiation were expected reducing the rate of proliferative cells.  Adult human cartilage 

samples were also stained showing little to no presence of the marker as expected due to the low 

proliferative nature of the adult tissue. 

 

 

 

 

 

 

 

 

 

 

 

 

Pellet sections from each of the individual donors were analysed for their proliferative potential with 

the aim of observing the effect of the different culture conditions on the ability for the cells to 

proliferate. All 3 donors showed similar results with a general increase of the presence of the 

proliferation marker with culture time (Figures 5-34, 5-35 and 5-36). All samples showed proliferating 

cells for all time points studied with the exception for donor 3 samples labelled with TRPV4 MNPs 

Day 0 Human cartilage control 

Figure 5-33. Day 0 pellet and cartilage positive control. Representative immunofluorescence images 

of Ki67 on a 7 m pellet section cultured for 24 hours (scale bar = 200 m) and 7 m sections of human 

native cartilage (scale bars = 100 m). Ki67 is shown as red and DAPI as blue. 



228 
 

cultured in 1% FBS which showed low levels of proliferation after 21 days. The pellet sections from 

this group showed an abnormal appearance and hence, the low proliferation was attributed to the 

individual samples and not the culture conditions. The presence of MNPs alone or labelled with TRPV4 

did not showed signs of reducing the proliferation of the cells. On the contrary, samples containing 

nanoparticles showed higher fluorescence intensity when compared to controls. This was also the 

case for samples stimulated with the TRPV4 agonist GSK101. Overall, it was observed that both 

samples cultured with GSK101 and TRPV4 MNPs MICA-activated cultured in 10% FBS showed higher 

proliferation signs with increased signal intensity over culture time. The rest of the groups showed a 

peak on the fluorescence intensity at day 14, followed by a variable decrease of the intensity by day 

21. The stain distribution was observed to not be homogeneous on the pellet sections for any of the 

groups. Some groups presented more intensity of the stain in the periphery and other groups had 

higher fluorescence on the middle of the sections.  
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Figure 5-34. Increased Ki67 presence over culture time for all groups with enhanced presence in 

TRPV4 activated samples cultured in 10% FBS. Representative immunohistochemical fluorescence 

images of pellet sections of 7 m at days 7, 14 and 21 for all groups from donor 1. Ki67 is shown read 

and DAPI stains nuclei in blue. Scale bar = 200 m. 
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Figure 5-35. Increased Ki67 production with culture time for samples labelled with TRPV4 MNPs. Representative immunohistochemical fluorescence images 

of pellet sections of 7 m at days 7, 14 and 21 for all groups from donor 2 cultured in 10% FBS (left) and 1% FBS (right). Ki67 is shown read and DAPI stains 

nuclei in blue. Scale bar = 200 m. 
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Figure 5-36. Increased production of Ki67 over culture time with enhanced presence on TRPV4 activated samples and TRPV4 static group cultured in 10% 

FBS. Representative immunohistochemical fluorescence images of pellet sections of 7 m at days 7, 14 and 21 for all groups from donor 3 cultured in 10% 

FBS (left) and 1% FBS (right). Ki67 is shown read and DAPI stains nuclei in blue. Scale bar = 200 m. 
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The immunohistochemical analysis of Ki67 in combined donors pellet sections revealed a lower 

proliferation for all groups when compared to individual donors, as observed by the reduced intensity 

of the stain (Figure 5-37). The variation between groups was also reduced, observing a lower presence 

of the marker in the cells only control group. Matching with previous results, visual analysis of the 

images showed slightly higher fluorescence stain in samples stimulated with MICA and GSK101, being 

more evident for day 14-time point for the GSK101 group, and earlier, at day 7 for TRPV4 MICA group. 

After 21 days, all studied groups had increased presence of the marker, being also higher for the TRPV4 

MICA group. Despite the lower fluorescence levels, the results found for this experiment matched the 

trend observed previously confirming the positive effect of TRPV4 activation on cell proliferation. 
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Figure 5-37. Lower levels of Ki67 presence observed when compared to individual donors, with a 

higher presence in MICA activated samples. Representative immunohistochemical fluorescent 

images of pellet sections of 7 m at days 7, 14 and 21 for all groups from samples made of pooled 

donors. Ki67 is shown read and DAPI stains nuclei in blue. Scale bar = 200 m. 
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The quantitative analysis of the fluorescence intensity of Ki67 confirmed the previous visual 

observations (Figure 5-38). The presence of the proliferative marker was observed to increase with 

culture time, especially from the first to second weeks of culture. Overall, results from all 4 experiment 

showed that pellets labelled with TRPV4 MNPs stimulated with MICA and cultured in 10% FBS had 

higher fluorescence intensity, being constant for all cases. Samples cultured with GSK101 and with 

TRPV4 MNPs under static conditions and cultured in 10% FBS, also exhibited high levels of 

fluorescence.  Variability was observed for pellets cultured in 1% FBS and for control samples cultured 

in both serum conditions, showing overall lower signal than other studied groups. As previously stated, 

all 3 donors showed higher levels of fluorescence than the samples from combined donors. 
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Figure 5-38. Increased proliferation with culture time for samples cultured in 10% FBS. Data was 

obtained from 3 images of each group and quantified by Image J. Data is expressed as the mean ± 

standard deviation, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
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5.4.3 Pellets sGAGs and DNA production 

The concentration of sGAGs and DNA was quantified in samples from donor 3 and samples from all 3 

combined donors following the spectrophotometric DMMB and PicoGreenTM assays for days 0 (24 

hours of culture), 7, 10, 14 and 21 (Figure 5-39). Quantification was performed after digestion of the 

pellets in a proteinase K solution. Donor 3 samples cultured in 10% FBS had a significantly higher 

(p<0.0001) production of sGAGs when compared to samples cultured in 1% FBS for all studied time 

points. TRPV4 activated samples with MICA and GSKS101 cultured in 10% FBS presented overall, the 

highest level of sGAGs production. A tendency for increased sGAGs levels with advanced culture time 

was observed for these groups, however, the remaining of the studied groups showed no clear trend. 

Results from samples cultured in 1% FBS showed inferior levels of sGAGs than those observed for day 

0 pellets. Evaluation of sGAG in pooled donors showed no statistical differences among samples, 

however, the amount of sGAGs detected for these samples was much higher than samples from donor 

3. PicoGreenTM analysis of DNA revealed for both experiments an initial high concentration of DNA 

that was reduced by day 7 and continued to increase with culture time. Interestingly, donor 3 samples 

showed significantly higher concentration of DNA (p<0.0001) for the control groups cultured in 1% 

FBS when compared to the remaining groups, with the exception of TRPV4-activated samples with 

MICA and GSK101 cultured in 10% FBS. The remaining groups cultured in 1% FBS showed reduced DNA 

concentration   compared to all studied groups (p<0.0001). Samples from combined donors also 

followed a similar trend among groups as found in donor 3 samples cultured in 10% FBS. Nevertheless, 

concentration levels were again much higher than the ones for the individual donor. The sGAGs data 

normalised to DNA revealed a higher production of sGAG for samples cultured in 10% FBS stimulated 

with MICA, especially at initial time points (p<0.0001). However, over culture time the statistical 

differences only remained for samples cultured in 1% FBS which presented low production of sGAGs. 

Results from pooled donors also showed a similar trend for samples cultured in 10% FBS with no 

statistical differences among majority of the studied groups. 
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Figure 5-39. Samples cultured in 10% FBS showed higher sGAGs production. SGAGs and DNA were quantified at days 0, 7, 10, 14 and 21 of culture for pellets 

formed of cells from donor 3 and the combined donors.  Normalised data are expressed as a ratio sGAGs/DNA. Data is expressed as the mean ± standard 

deviation in n=2-3 repeats for 3 different samples per group. 
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Table 5-3. Statistical analysis of donor 3 Figure 5-39 (Top). 

DONOR 3 – sGAGs Concentration (g/mL) 

Group Day 7 
P< 

Day 10 
P< 

Day 14  
 P< 

Day 21 
P< 

Cells vs. GSK101   ****  

Cells vs. TRPV4 MNPs Static  ***   

Cells vs. TRPV4-MNPs + Mica ****   **** 

Cells vs. Cells 1% FBS  ** **  

Cells vs. TRPV4-MNPs Static 1% FBS ** **** **** *** 

Cells vs. TRPV4-MNPs + Mica 1% FBS *** **** **** *** 

GSK101 vs. TRPV4 MNPs Static  ** ****  

GSK101 vs. TRPV4-MNPs + Mica ****  **** **** 

GSK101 vs. Cells 1% FBS   ****  

GSK101 vs. TRPV4-MNPs Static 1% FBS ** **** **** ** 

GSK101 vs. TRPV4-MNPs + Mica 1% FBS *** **** **** ** 

TRPV4 MNPs Static vs. TRPV4-MNPs + Mica ****  ** **** 

TRPV4 MNPs Static vs. TRPV4-MNPs Static 1% FBS   ** **** 

TRPV4 MNPs Static vs. TRPV4-MNPs + Mica 1% FBS   ** **** 

TRPV4-MNPs + Mica vs. Cells 1% FBS ****  **** **** 

TRPV4-MNPs + Mica vs. TRPV4-MNPs Static 1% FBS **** ** **** **** 

TRPV4-MNPs + Mica vs. TRPV4-MNPs + Mica 1% FBS **** *** **** **** 

Cells 1% FBS vs. TRPV4-MNPs Static 1% FBS ** *  **** 

Cells 1% FBS vs. TRPV4-MNPs + Mica 1% FBS **** *  **** 

DONOR 3 – DNA Concentration (g/mL) 

Group Day 7 
P< 

Day 10 
P< 

Day 14  
 P< 

Day 21 
P< 

Cells vs. GSK101   *** **** 

Cells vs. TRPV4 MNPs Static  **** ****  

Cells vs. TRPV4-MNPs + Mica  ****  **** 

Cells vs. Cells 1% FBS **** ****   

Cells vs. TRPV4-MNPs Static 1% FBS **** **** **** **** 

Cells vs. TRPV4-MNPs + Mica 1% FBS **** **** **** **** 

GSK101 vs. TRPV4 MNPs Static  ** **** *** 

GSK101 vs. TRPV4-MNPs + Mica  * **** **** 

GSK101 vs. Cells 1% FBS **** **** **** ** 

GSK101 vs. TRPV4-MNPs Static 1% FBS **** **** **** **** 

GSK101 vs. TRPV4-MNPs + Mica 1% FBS **** **** **** **** 

TRPV4 MNPs Static vs. TRPV4-MNPs + Mica **  * **** 

TRPV4 MNPs Static vs. Cells 1% FBS **** **** ***  

TRPV4 MNPs Static vs. TRPV4-MNPs Static 1% FBS ** **** ** **** 

TRPV4 MNPs Static vs. TRPV4-MNPs + Mica 1% FBS *** *** *** **** 

TRPV4-MNPs + Mica vs. Cells 1% FBS * ****  **** 

TRPV4-MNPs + Mica vs. TRPV4-MNPs Static 1% FBS **** **** **** **** 

TRPV4-MNPs + Mica vs. TRPV4-MNPs + Mica 1% FBS **** **** **** * 

Cells 1% FBS vs. TRPV4-MNPs Static 1% FBS **** **** **** **** 

Cells 1% FBS vs. TRPV4-MNPs + Mica 1% FBS **** **** **** **** 

TRPV4-MNPs Static 1% FBS vs.TRPV4-MNPs + Mica 1%FBS    **** 
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DONOR 3 – sGAGs / DNA  (g/mL) 

Group Day 7 
P< 

Day 10 
P< 

Day 14  
 P< 

Day 21 
P< 

Cells vs. GSK101   **  

Cells vs. TRPV4-MNPs + Mica ****    

Cells vs. Cells 1% FBS  *** **  

Cells vs. TRPV4-MNPs Static 1% FBS *** ***   

Cells vs. TRPV4-MNPs + Mica 1% FBS **** ** **** * 

GSK101 vs. TRPV4 MNPs Static   **  

GSK101 vs. TRPV4-MNPs + Mica ****    

GSK101 vs. Cells 1% FBS  * ****  

GSK101 vs. TRPV4-MNPs Static 1% FBS **** * **** ** 

GSK101 vs. TRPV4-MNPs + Mica 1% FBS **** * **** *** 

TRPV4 MNPs Static vs. TRPV4-MNPs + Mica ****    

TRPV4 MNPs Static vs. Cells 1% FBS  ** **  

TRPV4 MNPs Static vs. TRPV4-MNPs Static 1% FBS *** **  ** 

TRPV4 MNPs Static vs. TRPV4-MNPs + Mica 1% FBS **** * **** ** 

TRPV4-MNPs + Mica vs. Cells 1% FBS **** **** ****  

TRPV4-MNPs + Mica vs. TRPV4-MNPs Static 1% FBS **** **** **** *** 

TRPV4-MNPs + Mica vs. TRPV4-MNPs + Mica 1% FBS **** **** **** *** 

 

Table 5-4. Statistical analysis of pooled donors Figure 5-39 (bottom). 

Pooled donors – DNA concentration  (g/mL) 

Group Day 7 
P< 

Day 10 
P< 

Day 14  
 P< 

Day 21 
P< 

GSK101 vs. TRPV4-MNPs Static    * 

GSK101 vs TRPV4-MNPs + Mica    *** 

Pooled donors – sGAGs / DNA  (g/mL) 

Group Day 7 
P< 

Day 10 
P< 

Day 14  
 P< 

Day 21 
P< 

GSK101 vs. TRPV4-MNPs Static    * 
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5.4.4 Chondrogenic gene expression 

Gene expression was quantified by qRT-PCR for genes related to chondrogenic events and ECM 

deposition, COL2A1, ACAN, COL10A1 and SOX9 (Figure 5-40). The analysis was performed in samples 

from donor 1 alone as a preliminary study of the chondrogenic markers expressed by hUC-MSCs. For 

the analysis, 5 pellets per group were measured at day 0 as a basal control and day 7 of culture. Each 

group was compared to day 0 for the analysis. The expression of all markers except for SOX9 was 

relatively low at day 7, matching the results observed in the histological study. ACAN analysis did not 

revealed any statistical differences among the compared groups, however, the expression profile 

matches the results observed for sGAGs quantitative measurement at day 7. Collagen 2 is a well-

defined chondrogenic marker known to peak at day 17. The expression analysis of an early time point, 

did not shown any significant differences among compared groups indicating nevertheless, a higher 

trend for TRPV4 chemically and mechanically activated groups in 10% FBS. The analysis of SOX9, an 

early expression marker, presented statistical variations between the samples labelled with TRPV4 

MNPs MICA-activated cultured in 1% FBS and the TRPV4 activated groups with GSK101 and MICA 

(p<0.05) and TRPV4-MNPs static (p<0.01) cultured in 10% FBS, also showing a lower expression trend 

for the cells only control. The expression analysis of the hypertrophic marker COL10A1 revealed higher 

expression for the control group when compared to all other studied groups (p<0.01), however, the 

expression levels of this marker were low enough to consider the expression negligible. 
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Figure 5-40. Gene expression analysis revealed higher expression on TRPV4 activated groups for the 

SOX9 transcription factor and reduction in COLX. qRT-PCR performed on pellets from donor 1 after 7 

days of culture. Results expressed as fold change relative to day 0 samples and normalised to GAPDH.  

Data is expressed as mean ± standard error, n=5 (n=3 technical repeats), *p<0.05, **p<0.01. 
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5.5 Discussion 

The potential of umbilical cord-derived stem cells as an immune-privileged source for allogenic cell 

therapy has highlighted the need for studies to determine the differentiation capacity of these cells. 

OA tissue engineering treatments are currently based on the use of autologous MSCs with promising 

outcomes (337). However, these clinical autologous approaches have common limitations such as cell 

number yield from each patient, as well as the variability observed in the chondrogenic potential of 

MSCs from different donors (338,339). Recently, researchers have focused on the study of UC-MSCs 

as a potential source to replace MSCs. The use of foetal derived-MSCs eliminates the problem 

encountered by the limited proliferative ability of adult MSCs and preliminary studies have 

determined a promising chondrogenic potential for UC-MSCs (331,340,341). Despite the increasing 

interest on UC-MSCs for OA tissue engineering approaches, little studies have been performed 

comparing the variability of the proliferative and differentiation potential encountered among 

different donors. In addition, the chondrogenic potential of these cells has mostly been studied in vitro 

following the supplementation of chondro-inductive factors that are unavailable for in vivo adult 

models given the lack of vascularisation of the cartilage. 

The possibility of remotely controlling the stem cell fate was studied in vitro prior to set a pre-clinical 

ovine study for an injectable stem cell therapy with the possibility to remotely control the stem cells 

behaviour and track the migration of cells during the treatment via MRI. For this purpose, the MICA 

technology was studied in 3 different donors and variable culture conditions were set to assess the 

quality of the cartilage formed. The original pre-clinical study was designed to receive a combination 

of cells from all 3 donors therefore, an experiment was performed with pellets form of pooled donors. 

With the aim of simplifying the study, the differences of MICA stimulation regimes were studied for 

this experiment reducing to 7 days the stimulation period regardless of the duration of the culture 

time. The chondrogenic study was performed in 3D culture following the technique used in Chapter 
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3, and results were compared to the chondrogenic events observed for human MSCs treated in the 

same conditions. 

Measurements of the pellet size did not brought evidences of the effect of each culture condition on 

the influence of the cells proliferative potential or ECM formation. The limitation on the available cell 

number hindered the further study of the pellet size with more precise techniques. Nevertheless, no 

statistical differences were found among groups or time points, however, the was a clear tendency 

indicative of pellet growth with increased culture time. Measures from samples corresponding to day 

0 were not considered valid due to the ongoing process of pellet formation. The cell sheet formed 

following cell centrifugation was observed to begin to curl over the first 24 hours of culture, however, 

the pellets initially formed are often the result of a low-density layer of cells and take up to 48 hours 

to acquire the condensed nature of the chondrogenic 3D pellets. The size of the pellets was measured 

by manually limiting the contour of the sample due to the irregular shape that some samples acquired, 

precluding the measurement of the X and Y axes that would have induced to erroneous conclusions. 

In addition, the presence of secondary smaller form of pellets was observed for some samples. This 

event is proposed to be consequence of the attachment of cells to the centrifuge tube walls during 

pellet formation that ultimately formed secondary forms of pellets.  

Limitations to perform quantitative studies due to restricted cell number and the need for several 

replicates were encountered for this study and hence, variable analysis was applied for each donor. 

Nevertheless, the pellet formation protocols and culture conditions were rigorously mimicked to 

ensure the comparability of the studies. The pellet size measurements from donor 1 correlated with 

the DNA concentration study performed in donor 3. The initial elevated cell number from day 0 

samples was expected to moderately drop over the first days of culture, as previously reported by 

pellet culture studies (67,342). Recovery of the cell number was observed over culture time with an 

evident increase in the proliferative rate after the initial 2 weeks of culture. This event matches with 

previous studies reporting the low proliferation rates of cells while undergoing chondrogenic events 
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that take place initially during the differentiation process (266,326,343). Chondrogenic events have 

been described to be observed over 21 days of culture (344), however, studies on MICA technology 

have attributed an early initiation of these events with a peak of expression on day 14, as reported in 

Chapter 4. These results matched with the immunohistochemical findings showing increased 

proliferation with culture time and a clear augmented proliferation rate after the second week of 

culture. 

In addition to the cell proliferation contributing towards an increased pellet size with culture time, the 

formation of the ECM specially during the first 2 weeks of culture, is also noted to increase the size 

(268). The quantification of sulphated GAGs was an indicative of matrix production, endorsed by the 

histological analysis revealing GAGs deposition with more evident presence in both analyses for 

samples that undergo chemical or mechanical stimulation of TRPV4. The histological observation also 

evidenced the production of classical chondrogenic markers with a notable production of collagen and 

proteoglycans. The production of sGAGs on the combined donor samples differ in that differences 

found among groups were not significant, however, most of the differences encountered by donor 3 

were found among samples cultured in different concentrations of FBS. Nevertheless, a tendency of 

increased sGAGs production with culture time was also observed for these samples. 

The variation of culture media was studied with the aim of determining the best option to enhance 

the chondrogenesis. Interestingly, this study revealed the benefit of culturing cells with higher 

concentrations of FBS (10%) as opposed to common protocols used to induct human chondrogenesis 

containing 1% FBS. The media formulation was based on a modification of the protocol from Mennan 

et al. (345). The original protocol was initially used, however, 48 hours after pellet formation, 

disaggregation of the samples was observed due to apoptosis of the cells and samples were discarded. 

The protocol used for all the experiments performed with UC-MSCs was based on the chondrogenic 

media for chondrocytes (228) with the substitution of TGF-1 for TGF-3 due to the optimal 

chondrogenesis previously observed with various cell types tested in our group. Lower percentages of 
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FBS resulted in poor chondrogenesis with almost a non-existent production of sGAGs being similar to 

those results obtained from day 0 samples, even after normalisation to the DNA amount. This data 

was reinforced by the histological observation showing an evident difference of GAGs and collagen 

production after 21 days, when compared to the groups with the same conditions cultured in 10% 

FBS. Immunohistochemical analysis also brought evidence of the poor chondrogenesis of samples 

cultured with lower FBS with overall low detection of collagen II and SOX9 when compared to the 

same groups cultured in higher FBS. The analysis of the proliferative marker Ki67 endorsed the data 

obtained from the DNA analysis, with lower proliferation for samples cultured in 1% FBS. Interestingly, 

the control group in lower serum presented higher DNA and Ki67 values than the other groups and 

hence, the effects observed were hypothesised to be a direct cause of the MNPs presence. Moreover, 

donor 3 samples cultured in low serum and labelled with MNPs were observed to disaggregate after 

2 weeks of culture and the usual pellet consistency was lost, finding fragile samples that crumbled 

when sectioning. This was attributed to a low ECM production that did not sustain the structure of the 

pellet. 

The sustained presence of MNPs on the samples was demonstrated by iron staining with prussian 

blue. The labelling dose was set to enable the presence of 5-6 MNPs per cell, that was hypothesised 

to generate enough force under an external magnetic field to trigger the activation of the channel 

(120,209). To ensure an optimal distribution of the MNPs, samples are often mixed while labelling, 

however, visual observation allowed to set differences among the labelled groups for samples 

cultured with higher and lower FBS concentration. The presence of higher percentage of serum was 

observed to cause mild levels of MNPs aggregations. This event was not observed for samples cultured 

in 1% FBS that showed apparent lower presence of MNPs due to the spread distribution of the 

individual particles across the section surface. The cells are labelled in serum free media, to avoid the 

aggregation of the MNPs during the process (346), nevertheless, once the pellets are formed they are 

set in chondrogenic media and the presence of serum in the sample might interfere with the pellet 
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formation. During the formation of the pellet, it is possible that the MNPs attract other labelled cells, 

finding the areas of higher density of MNPs. It was also hypothesized that after labelling the cells when 

the 10 % FBS chondrogenic media was added, there might have been a corona formation on the MNPs. 

The biomolecular corona is referred to the layer of adsorbed biomolecules on the particle surface. The 

formation of the corona can alter the functional properties of the MNPs, although the lack of further 

analysis did not allow to elucidate if this was the cause for the MNPs aggregation, or the attraction 

between labelled cells (347). Leaving the labelled cells for 24 hours in serum free media might have 

solved this issue. This should be further addressed if aiming for in vivo translation, given that the 

corona formation might lead to MNPs crossing the blood barrier (348). However, if the MNPs were 

aggregated due to attraction between labelled cells, the effect of this concentration of MNPs might 

be of benefit for the stimulation with MICA. This aggregation could have generated stronger forces on 

the channel, at the same time as physically contracting the pellet and hence, favouring the mechanical 

activation of signalling pathways that support chondrogenesis. 

 

The stimulation of the TRPV4 receptor with either magnetically activated MNPs or the chemical 

agonist GSK101 was observed to enhance chondrogenesis, cell proliferation and ECM deposition. 

Histological analysis clearly revealed an enhanced production of GAGs and collagen that was 

noticeable from early culture time points. The uniform distribution of the markers was seen as an 

indicative of a good diffusion of oxygen and nutrient across the pellets. This event has been broadly 

discussed with some studies suggesting that hypoxic conditions are beneficial to chondrogenesis 

(349,350). Nevertheless, other studies suggest the negative effects of the poor diffusion events with 

the inevitable necrosis of the centre of the pellet (270). Despite the homogeneity observed on the 

marker’s distribution, the pellets had a stiff consistency that hindered the digestion for RNA extraction 

even after mechanical disaggregation of the samples. This was consistent with both the histological 

and immunohistochemical analysis evidencing the formation of a consistent matrix for all TRPV4 
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stimulated samples cultured in higher serum. The presence of the chondrogenic markers collagen II 

and SOX9 was observed from the first week of culture, being more evident in TRPV4 stimulated 

groups. The marker production continued to increase with culture time showing a deposition pattern 

resembling to that of native articular cartilage. SOX9 is a highly regulated transcription factor tightly 

regulated and closely involved in chondrogenic events (351). The production of the marker was 

evident by day 7 of culture and peaked on day 14 with higher production observed for TRPV4 activated 

groups as expected. The presence of the marker was maintained or moderately increased after 21 

days of culture, matching with results from available literature (306). TRPV4 channel activity has been 

broadly related to SOX9 activation through specific signalling pathways (1) and mechanical loading has 

also been described as an activator of the transcription factor (352). The activation of the channel with 

a chemical agonist and direct mechanical stimulation of the channel with MNPs are hypothesised to 

be responsible for the higher production of the marker among the various tested conditions 

(165,353,354). 

Great variation was found among samples labelled with TRPV4 MNPs not submitted to any external 

magnetic field. Histological analysis revealed for some samples marker deposition levels resembling 

to those of MICA activated groups, and other samples showed results resembling more to those found 

in the controls. These events were also observed for the immunohistochemical analysis, being more 

evident for SOX9 production. The variability found among different samples from the same group was 

attributed to the effect of the MNPs directly attached to the mechano-sensitive domain of the 

channel. Despite the lack of external forces, the MNPs binding alone might be exerting some levels of 

channel activation that could be modifying the channel activity. This would potentially explain the 

similarity on the results with the MICA activated groups, always considering that the magnetically 

activated groups showed consistency on the chondrogenic events, while the static group showed 

slightly lower chondrogenic activity. The similarity of both groups was previously observed in Chapters 

3 and 4, and hence it was not attributed to random events. 
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MSCs obtained from adult donors for OA treatments have been widely reported to show variability 

on the proliferative and differentiation potential, often related to donor’s age. The variability of hUC-

MSCs has been studied among cells extracted with differential techniques or from variable locations 

of the umbilical cord (345,355). Few studies have analysed the variability among donors, some of them 

reporting variable effects (275) and opposing studies finding low variability among donors in the 

proliferative and differentiation capacity (356). In this study, some levels of variability were found 

among 3 different donors. With the aim of reducing any variability introduced by differential culture 

conditions, all experiments were performed with identical protocols and culture times. Nevertheless, 

due to unforeseen circumstances both donors 2 and 3 expansion processes varied from the standard 

expansion from donor 1 and pooled donors. Due to laboratory shutdown during COVID-19 pandemic, 

the pooled donor experiment had to be performed prior to donor 3 experiment, given the importance 

of testing this condition prior to the animal study. Hence donor 3 experiment was performed following 

frozen storage of the cells for 3 months. Moreover, donor 2 cells had to be further expanded due to 

technical issues, having more population doublings in order to manage sufficient cell number to 

perform the minimum required groups for this experiments. Analysis performed for all 3 donors 

revealed a similarity pattern for donors 1 and 3 and variable results for donor 2. It is believed that the 

longer expansion for cells from donor 2 might have generated stress on the cellst that did not show 

the same chondrogenic behaviour than the compared donors.  The limitations encountered with cell 

number prevented the possibility to conduct a more thorough study with all culture conditions studied 

in all 3 donors, however, groups were repeated at least for 2 different donors, with the exception of 

the group labelled with unspecific MNPs that was introduced merely to analyse the effect of unspecific 

MNP binding and needed no further study. Donors 1 and 3 shared similarities in the histological and 

immunohistochemical results nevertheless, variation among the levels of markers production was 

found being higher for donor 1. Donors 1 and 2 were found to express similar levels of chondrogenic 

markers in terms to production level, however, some of the shared groups were found to vary. 
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Moreover, differences on the proliferation rates were found among donors when expanding the cells. 

These findings lead to suggest the existence of variability in the proliferation and chondrogenic 

potential of hUC-MSCs from different donors. Further studies with a higher number of donors would 

be required to examine changes in the surface markers and a more detailed chondrogenic assessment 

to obtain more definitive conclusions. 

The pre-clinical study design for OA repair was proposed to be delivered via an injectable solution of 

hUC-MSCs from all 3 donors combined. With this aim an in vitro experiment with cells from all 3 pooled 

donors was performed. The samples containing MNPs were stimulated mechanically 7 days and 

continued normal culture for 21 days with the aim of simplifying the experimental design 

(Supplementary figures 4 and 5). The mechanical activation for 7 days, did not alter the chondrogenic 

response of the samples showing similar responses compared to samples stimulated with MICA for 21 

days. This might me an indicator of the mechanism of action of the MICA technology being effective 

over the initial phases of the differentiation process. Given the growth and the production of a stiff 

ECM, the magnetic stimulation might only be actuating over initial culture times when the samples 

have a less dense matrix and the MNPs can exert the pulling effect of the membrane when attracted 

to a magnetic field. Samples from the combined donors were also labelled with a cell tracker to test 

the effect of the dye in proliferation and differentiation seeing no adverse effects (Results not shown) 

as previously demonstrated by members of the group (222). 

TRPV4 chemical and mechanical stimulation was seen to also induce higher expression of COL2A1, 

ACAN and SOX9 at a gene expression level, coordinating with previous histological and 

immunohistochemical findings. The expression of COL10A1, related with a hypertrophy or maturation 

during endochondral ossification, was only detected in low levels for the control samples (357). 

Nevertheless, the overall expression levels for all genes and transcription factors measured had low 

expression ranges. The complications encountered to disaggregate the pellets for RNA extraction were 

suspected to be responsible for the low gene expression profile. Despite mechanically disrupting the 
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pellets, the RNA yield and purity was not satisfactory and only samples from day 7 yielded enough 

RNA to qualify for qRT-PCR analysis. 

5.6 Conclusions 

Selecting the cell source for an injectable OA therapy is a key element for a successful outcome. The 

broad variability encountered among BM-MSCs was not shared by UC-MSCs, nevertheless, 

assessment of the chondrogenic ability of different donors showed some levels of variation. The 

variability was above all encountered among production levels of markers, however, identical groups 

followed a trend for all donors tested. These findings suggest the need for a preliminary study of the 

proliferative and chondrogenic ability of individual donors prior to selecting the specific donor for in 

vivo applications. The chondrogenic performance of the cells evaluated for UC-MSCs was satisfactory 

when TRPV4 was activated and overpassed the quality of the cartilage constructs produced with BM-

MSCs on Chapter 3. Nevertheless, the culture of the cells alone with chondro-inductive media was not 

sufficient to enhance the production of a cartilage-like matrix. Further evaluation of the gene 

expression profile would highly contribute to conclusively determine the chondrogenic potential of 

this cell source. The mechanical activation of the TRPV4 was an enhancer of the chondrogenesis and 

matrix formation obtaining constructs with similar properties to those of native cartilage. Introducing 

this technology for the pre-clinical trial could be of great benefit to remotely guide the differentiation 

of UC-MSCs in addition to introduce the possibility of in vivo tracking and locating the cells. 
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Chapter 6 

Discussion, future work and 
concluding remarks 
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6.1 Summative discussion 

Articular damage and degeneration is a condition affecting millions of people worldwide, and an 

effective gold standard treatment has yet to be developed. Current therapeutic approaches range 

from symptomatic treatment to joint replacement. Despite the improvement of life quality and pain 

reduction following joint replacement, the economic burden and the invasiveness of the procedure 

have necessitated the search for alternative treatments. The development of new lines of therapy in 

recent years has focused on targeting the degeneration of cartilage and aimed to develop approaches 

that intend to stop disease progression, while attempting to regenerate the damaged tissue. Clinically 

approved techniques based on tissue engineering approaches are now being successfully performed. 

These techniques are based on the use of autologous chondrocytes harvested from healthy tissue, 

and the posterior implantation at the injury site, with the hope that the microniche generated within 

the joint will promote the integration of the cells into the tissue and the following regeneration of the 

damaged tissue. Despite the promising outcomes reported (358,359), current tissue engineering 

approaches have some common limitations. One of the major disadvantages met is the limitation of 

the cell number available. Given the fact that cells are often affected by the patient’s age or life quality, 

the cells obtained often do not perform adequately for their attributed functions and fail to integrate 

within the damaged tissue. Histological assessment of the newly formed tissue is usually graded as 

fibrocartilage, and the regenerated tissue tends to not match the functional and mechanical 

properties of the native tissue. Moreover, harvesting of the cells from healthy tissue is often 

associated with donor site morbidity. These limitations have led researchers to primarily focus on the 

selection of an alternative cell source. Stem cells have emerged as a promising alternative for tissue 

engineering approaches. The plasticity of the cells together with the immuno-modulatory properties 

and the multiple sources of extraction, have made stem cells the preferred candidate for cartilage 

therapy. Stem cell research has offered promising potential for cartilage tissue engineering, with 

multiple clinical trials in place (284,360). Among the variety of stem cells, adult MSCs have emerged 
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as the most studied in the field. The lack of ethical concerns surrounding their extraction, and the well-

defined tri-lineage differentiation ability make them excellent candidates for regenerative medicine. 

Nevertheless, the source tissue of extraction is still a topic of discussion and often the cell number 

obtained is also seen as a limitation. Alternative stem cell sources range from ESCs, iPSCs or UC-MSCs. 

Both ESCs and iPSCs have great advantages, such as the unlimited expansion and the greater 

differentiation potential, however, ethical concerns surround the use of both cell types and the 

potential teratoma for formation poses a significant risk (361,362). Over the past few years, UC-MSCs 

have emerged as a possible source of allogenic therapy for tissue engineering. The cells from the 

umbilical cord can be harvested painlessly from discarded tissue and thus, no ethical concerns are 

raised. Moreover, given the young age of the source, they have a great expansion and differentiation 

potential. In addition, they have been demonstrated to possess an immune-privileged status making 

them excellent candidates of study for future clinical applications. 

The purpose of this study was to define the bases for a novel cartilage tissue engineering approach, 

gathering the use of stem cells and bioreactors. This was performed firstly, by studying the 

chondrogenic potential of a range of mechano-inducible targets under the effect of MICA activation. 

Secondly, once a potential target for cartilage repair was selected, the scope of the MICA technology 

on the TRPV4 channel activation for chondrogenic differentiation was assessed and optimised. Thirdly, 

and following studies on a variety of cell types, UC-MSCs were studied as a potential source for a 

preclinical ovine trial that was planned and designed for an injectable therapy for OA repair. 

Unfortunately, the crisis originated by the Covid pandemic precluded the continuation of the trial just 

before the start. Despite the growing number of studies focused on the chemical or mechanical 

activation of TRPV4, this thesis is the first report to selectively target the TRPV4 channel via labelling 

with MNPs and magnetically activating the channel for enhancing chondrogenic differentiation. 

Moreover, this is the first study where TRPV4 activation for chondrogenic purposes has been tested 

in UC-MSCs. This work demonstrated in Chapter 4 the enhancement of chondrogenesis, introduced 
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by the MICA technology, and further on Chapter 5, the potential of the activation of TRPV4 in UC-

MSCs for driving the cells towards a chondrogenic phenotype for future injectable therapies for OA 

repair. This chapter demonstrated that the selective mechanical activation of the channel showed 

similar chondrogenic response to the direct activation of the channel with the GSK101 agonist. 

One of the major concerns surrounding the use of MNPs for medical approaches is the toxicity 

reported by some studies (363–365) following the systemic delivery of the nanoparticles and 

especially after MNP degradation. Multiple viability studies were performed during Chapter 3, widely 

demonstrating the safety of the MNPs after 21 days of culture. This is of great importance, considering 

that our lab has previously reported, for the same commercially available MNPs, degradation under 

lysosomal conditions after 1 week. Nevertheless, in vitro assessment of the MNPs demonstrated the 

presence of the nanoparticle’s iron in the samples after 21 days of culture, for both for the 

micromasses and the 3D culture systems. Retention of the MNPs within the cells is key for the efficacy 

of the MICA technology, however, the stimulation of the cells for 21 days presented a similar outcome 

to that obtained for samples stimulated over the first week of culture, that were kept in culture for 21 

days (Supplementary figures 4 and 5). This is not surprising considering the early chondrogenic 

response obtained from MICA activated samples, suggesting the activation of the TRPV4 receptor has 

a key role in the initiation of the chondrogenic response, as is also suggested by the available literature 

(1,157,171). Moreover, the MNPs underwent internalisation shortly after labelling, in agreement with 

the reported endocytosis of the receptor following activation (250). Gathering all the evidence, it is 

believed that the magnetic activation of TRPV4 influences the initiation of the chondrogenic response. 

For this reason, and in order to simplify the treatment for potential future applications, the pre-clinical 

animal trial was designed to supply 1 week of magnetic stimulation rather than 21 days. Nevertheless, 

the limited access to the TEM equipment hindered the further study on the MNPs fate. The process 

following the culture of cells with unlabelled MNPs was not studied for this work. However, the work 

performed by our group suggests that unlabelled MNPs are rapidly phagocytised. Further study should 
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be carried in order to elucidate if the internalisation of the TRPV4-MNPs was an effect of the receptor 

recycling following activation or if this event was due to phagocytic events. 

The study of in vitro chondrogenesis is widely practiced by many research groups. A variation of 

culture conditions has been used with differential outcomes, nevertheless, most protocols agree on 

the importance of TGF- in addition to dexamethasone and ascorbic acid, for an effective 

chondrogenic induction of the constructs. Initially the aim of removing the growth factor from the 

culture medium was intended for analysing the scope of the MICA activation without one of the key 

elements for chondrogenesis. Nevertheless, the results observed following the removal of the factor 

led to further investigation of the constructs generated in the absence of TGF-. The growth factor 

has been widely described as having an essential role in cartilage formation and healthy maintenance 

of the tissue, by preventing cells from undergoing terminal hypertrophic differentiation. In Chapter 4, 

the removal of the factor from the culture environment did not seem to negatively affect the 

chondrogenesis in terms of ECM production, and similar results were obtained from those samples 

cultured with a complete chondrogenic media, when under MICA stimulation. Nevertheless, the 

presence of hypertrophy markers was not assessed. Notably, the samples not exposed to TGF- did 

not form an organised matrix, and thus it was included in the culture medium for future experiments. 

The good chondrogenic response, as evidenced by ECM deposition, was believed to be achieved by 

the recently discovered role of TRPV4 enhancing the production of TGF- following chemical or 

mechanical activation. The gene expression analysis, revealing a great increase of the collagen II and 

aggrecan production in TRPV4 activated samples following MICA activation and an absence of TGF- 

was attributed to production of the growth factor under the effect of both mechanical stimulation and 

activation of the TRPV4 receptor. Following this line of reasoning, it was expected that TRPV4 activated 

samples cultured with the complete chondrogenic medium would show an enhanced effect in 

comparison to samples cultured without TGF-. Nevertheless, TRPV4 MICA-activated samples in 

complete media formed a thick outer collagen ring, which hugely hindered the disaggregation of the 
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sample for RNA extraction and thus, great limitations were encountered for the digestion with a low 

RNA yield, and lower quality of the obtained RNA, affecting the results from the gene expression 

analysis. 

The selection of the cell source for tissue engineering approaches has long been debated among the 

scientific community. Chondrocytes have always been the obvious choice, and current clinically 

approved therapies are based on the use of autologous chondrocytes. Nevertheless, chondrocytes 

have widely been described to lose their phenotype when cultured in monolayer, and these 

techniques require the in vitro expansion of the cells. Adding to the existing concern raised for 

chondrocytes from OA patients to retain a predisposition for disease development, the major 

limitation encountered is the limited cell number and the complications for pharmaceutical 

manufacturing. Therefore, research has focused on the study of MSCs as a potential candidate for 

cartilage repair. The source of MSCs has also been greatly discussed with bone marrow and adipose 

tissue being the most popular sources. The tri-lineage differentiation potential for both cell sources 

has been widely demonstrated, however, donor features such as age or health status influence the 

performance and proliferative capacity of the cells (338). Allogenic donation of MSCs would avoid 

these limitations, however, despite the immune-modulatory properties of the stem cells, issues 

regarding the use of allogenic cell therapy are still common. The chondrogenic potential of bone 

marrow and adipose-derived MSCs was demonstrated in this work, mainly by histological 

determination of the ECM components. Measurement of the chondrogenic activity was achieved with 

the collagen II reporter cell line, which allowed for a clear visualisation of the enhancement of collagen 

II production following MICA activation. The use of the reporter cell line aided selection of the best 

chondro-inductive target for MICA activation, and revealed the lack of response of RGD that showed 

similar results to those observed for samples cultured without MNPs. TREK-1 and TRPV4 activation 

showed a similar pattern of collagen II expression and thus further analysis was done to select the 

more adequate target. The slight increased expression of collagen II observed for the TRPV4 activated 
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samples, together with the histological assessment led to the selection of the calcium channel as the 

main target for this work. Despite the favourable outcomes observed for TREK-1 activation, a 

homogeneity on the chondrogenic response was observed for all the assessments performed on 

TRPV4 activation. Moreover, the existing literature highlights the fundamental role of TRPV4 in 

cartilage formation and homeostasis, whereas no studies were found that link TREK-1 with cartilage. 

Regardless of the demonstrated chondrogenic potential of adult MSCs during this work, the 

differentiation ability of UC-MSCs was initially assessed, with the aim of overcoming the previously 

mentioned issues encountered among the selection of adult MSCs for a clinical therapy. An initial 

experiment testing the chondrogenic potential of the cells with and without TRPV4 activation was 

performed, with promising outcomes for those samples where the channel was chemically or 

mechanically activated. Enhanced matrix deposition was found among stimulated samples, with 

increased histological properties compared to those found with human MSCs. Due to the lack of 

vascularisation in native tissue, conventional human chondrogenic protocols often use low 

percentages of FBS (228,345,366), hence, all experiments were performed with high and low 

concentration of FBS. Regardless of the popularity of low serum protocols, it was consistently found 

among this work that samples cultured with 10% FBS exhibited improved chondrogenesis. The 

experiment was repeated three times with different donors to observe the variability on the 

chondrogenic response and indeed, some levels of performance variation were found among donors, 

however, all compared donors exhibited chondrogenic response to some extent. The introduction of 

different experimental groups aimed to optimise the best conditions for driving differentiation, prior 

to the realisation of the animal study. The pre-clinical trial was designed to deliver combined cells from 

all 3 donors and thus, a last repeat of the experiment was carried with the combined cells, and the 7-

day MICA activation protocol, against the 21-day activation. A lower chondrogenic response was 

observed for the combination of the donor’s cells, however, this was attributed to the need for an 

additional cycle of freeze-thawing due to the issues encountered with the lab closure during the 
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pandemic. Overall, the in-depth histological and immunohistochemical analysis indicated the 

potential of UC-MSCs for cartilage regeneration approaches, and this was the selected cell source for 

the pre-clinical study. 

The delivery of mechanical forces targeted specifically towards a mechano-responsive element of the 

cells could introduce great advantages for cartilage repair approaches. The labelling of the cells with 

MNPs allows for in vivo tracking and visualisation of cell fate following injection by MRI assessment. 

In addition, this technology would allow to remotely control the stem cell fate while delivering 

external mechanical forces to aid the stem cells to differentiate towards a chondrogenic lineage while 

ensuring the retention of the cells in the injury site by the design of a magnetic bandage. 

6.2 Future work 

The work performed during this thesis has left some optimisation of the MICA technology that could 

be of benefit for an improved result for potential clinical translation. In Chapter 3, characterisation of 

the cells and MNPs used for the duration of this work was performed. Although the work was 

conducted following previous research on the topic from the lab’s group and current literature, a 

repeated in depth characterisation would have ensured the adequate basis of the MICA technology. 

MNPs internalised by cells in suspension were demonstrated by our group to be metabolised after 7 

days in lysosomal conditions. Assessment after termination of the experiment of the iron content left 

on the 3D culture systems under physiological conditions, would have been beneficial to understand 

if the delivery of magnetic stimulus is needed following the first week of activation, since the magnetic 

activation would only be of benefit if MNPs remain intact. The cells were labelled differently according 

to the method of culture. The preferred method of culture for this work was the formation of 3D 

pellets, where cells were labelled in suspension prior to pellet formation. This method of labelling was 

performed with the aim of avoiding an extra passage of the cells with the added stress, nevertheless, 

labelling in monolayer was observed to be more efficient for MNP uptake. The assessment of the MNP 
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uptake was performed in a simple experiment with prussian blue staining of the iron content. This 

detection method was not powerful enough to detect the uptake of MNPs in the samples due to the 

lack of availability of a more powerful microscope, and there was no certainty that the particles were 

engulfed by the cells. Therefore, it was not possible to optimise the most efficient labelling method. 

Regarding the MNPs characterisation, the dose of MNPs selected was based on previous studies from 

the group claiming that the chosen concentration was optimal for delivering the units of force needed 

to activate the cells, and the amount of MNPs needed to exert this force (5-6 MNPs per cells). This 

dose was also shown to bring about no cytotoxicity. Given the variability of the toxicological results 

on viability studies, a dose-dependent effect-viability study would have ensured the optimal dose of 

MNPs for every different experiment performed. 

The TRPV4 channel was targeted with MNPs that were attached to the intracellular N-terminal 

domain, which is reported to have the mechano-sensitive control of the channel (141). The 

attachment of the MNPs to the mechano-responsive domain ensured the activation of the channel 

following MNPs labelling, nevertheless, several inconveniences were met during this work. Targeting 

an intracellular domain required the administration of a transfection agent for the internalisation of 

the MNPs, which could become an obstacle if the transfection is not effectively performed. In addition, 

targeting the control domain of the mechanical activation could have caused desensitisation of the 

channel, by the constant indirect activation of the channel with the MNPs wiggle movement. It was 

proposed for future work to compare the effect of MICA activation targeting an extracellular region 

of the channel against labelling the N-terminal domain. Despite being able to demonstrate by TEM the 

successful uptake of the MNPs, a dual co-localisation experiment targeting the MNPs and the TRPV4 

channel, would have further supported the effective targeting of the channel. The effect of TRPV4 

mechanical and chemical activation on chondrogenic enhancement was fully demonstrated for the 

duration of this work. Regardless of the mechanisms of TRPV4 activation being reported by the 

literature to be actuated by the initiation of downstream signalling events with initial increase of the 
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intracellular [Ca], a study measuring the effects following the channel activation such as measuring 

the phosphorylation of the PKC protein or the fluctuations of the intracellular calcium levels, could 

have helped to further elucidate the mechanism behind the MICA activation of TRPV4. 

The assessment of the chondrogenesis in Chapter 4 was performed using a novel system based on the 

quantification of collagen II expression by a reporter cell line. The visual analysis of the GFP-collagen 

II cell line was successfully performed, however, the quantification of the secreted luciferase needed 

for further optimisation with the CMV control cell line. The chondrogenesis study was also performed 

with and without the effect of TGF- however, the exact relationship between TRPV4 and the growth 

factor remained unclear. Gene expression analysis of TGF- following chemical, mechanical or static 

conditions, would have been beneficial to elucidate if, as proposed by the literature, the growth factor 

expression is activated by both mechanical stimulation and TRPV4 activation. In addition to analysing 

the gene expression of TGF-, an improved digestion method for the RNA extraction would ensure the 

success of the qRT-PCR, often hindered during the duration of this work by the thickness of the ECM 

and the subsequent low RNA yield. 

The assessment of the chondrogenic potential of UC-MSCs was mainly done by histological and 

molecular analysis of the ECM markers. Mechanical testing of the constructs could have added 

information regarding the quality of the 3D constructs and the mechanical properties. In addition, 

analysis of the different markers by flow cytometry could have further supported the chondrocyte-

acquired phenotype of the UC-MSCs. Due to the unforeseen circumstances, it was not possible to 

resume the animal pre-clinical trial for the duration of this work. However, the experimental design 

was completed for the initiation of the trial. UC-MSCs pooled from all 3 donors and labelled with 

TRPV4-MNPs were to be delivered into medial meniscus defects of 7 sheep, followed by 7 days of 

MICA activation with a magnetic bandage designed by Dr. Hareklea Markides. In addition, 7 sheep 

were to be injected with SPION-labelled cells and not receive any magnetic stimulation and Dr. Claire 

Mennan was delivering cells alone to other 7 animals. The analysis was mainly based on MRI imaging 
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of the defect and histological assessment. The progression of this trial would have been a great 

opportunity to study the potential of MICA technology as future remote control healing therapy.  

6.3 Concluding remarks 

The work conducted during this thesis studied the potential of the MICA technology as a proposed 

tool for cartilage repair by activating a mechano-sensitive structure within the cells. Mechanical 

activation of TRPV4 enhanced the chondrogenic response obtained with the aid of biochemical cues 

and produced 3D constructs with an enhanced cartilage matrix deposition. In addition, UC-MSCs were 

firstly studied for the mechanical activation of TRPV4 resulting in a potential cell source for cartilage 

therapies. The promising results of the MICA activation of TRPV4 open the door to explore potential 

applications for cartilage repair, eliminating the invasiveness of the current procedures and offering 

the novel principle of in vivo remote control of the cells. 
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Figure 6-1. Summative conclusion diagram. Limitations to current tissue engineering approaches and 

potential possibilities to overcome these difficulties, offered by the work described for this thesis. 
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Supplementary figures 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary figure 1. Higher variability was found among experiments than among experimental 

conditions. RNAseq principal component analysis (PCA) of experiments 1, 2, 3 and 4. N= 4 (1 sample 

per group per experiment) (n=1 technical repeats). Data generated by Dr. Steven Woods and Prof. Sue 

Kimber. 
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Supplementary figure 2. DEGs in common between comparisons shown few genes matching the 

mechanical and chemical activation of TRPV4. The RNA extracted from monolayers without MNPs 

under static and dynamic (MICA) conditions, TRPV4-MNPs labelled samples MICA-stimulated and 

TRPV4 activated samples with GSK101 was analysed by RNA seq. All groups show the genes matching 

with other experimental groups on each section of the diagram.  Right diagram has included GSK101 

results from the collaborators’ previous experiment.  Data generated by Dr. Steven Woods and Prof. 

Sue Kimber. 
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Supplementary figure 3. No signs of collagen or proteoglycan presence were detected on P0 

chondrocytes sections after 21 days of culture. Representative images of ovine P0 chondrocytes 

pellet 7 m sections stained with toluidine blue for sGAGs detection and picrosirius red for collagen 

detection. Scale bar = 200 m. 
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Supplementary figure 4. Little differences were found among samples MICA activated for 7 days and 

21 days. Representative images of 7 m pellet sections of hUC-MSCs TRPV4-labelled, cultured for 21 

days and stimulated for 7 and 21 days. Sections were stained with alcian blue for sGAGs detection, 

toluidine blue for proteoglycan detection and picrosirius red for collagen evaluation. Scale bar = 200 

m. 

Supplementary figure 5. Similar expression found among samples MICA-activated for 7 days and 21 

days with the exception of collagen II. Representative images of immunohistochemical sections of 7 

m hUC-MSCs TRPV4-labelled pellet sections cultured for 21 days and stimulated for 7 and 21 days. 

Sections were stained with collagen II, collagen X, SOX9 and Ki67. Scale bar = 200 m. 
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