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ABSTRACT 

REGENERATION OF EQUINE MSC-DERIVED CARTILAGE: EFFORTS TOWARDS 

FUNCTIONAL TISSUE ENGINEERING  

 

Cristobal Lopez-Jimenez                                                                                        Advisor(s): 

University of Guelph, 2021                                                                                    Thomas G. Koch 

 

Focal cartilage injuries are a significant cause of lameness in the horse and are an important 

risk factor for osteoarthritis. In vitro generated cartilage and tissue-engineered osteochondral 

replacements have been proposed as potential treatment options for articular cartilage defects. 

Mesenchymal stromal cells (MSCs) provide a potential cell source for cartilage regeneration, 

however, in vitro-derived cartilage is often functionally inferior to native cartilage.  

The purpose of this thesis was to improve and characterize the mechanical properties of 

equine cord-blood MSC-derived osteochondral constructs, enhance MSC-derived neocartilage 

through chemical activation of TRPV4 channel signalling and extract the biomechanical properties 

of normal articular cartilage from the native femorotibial joint through double-indentation and 

stress-relaxation. 

Osteochondral constructs were generated and improved by increasing neocartilage 

thickness through a double-layering approach and their properties characterized. Biochemical and 

mechanical properties of osteochondral constructs were lower than native equine joint cartilage, 

however, stress-strain values at equilibrium was comparable to non-weight bearing regions from 

the native joint. 



 
 

 
 

Next, neocartilage sheets were evaluated by effect of TRPV4 cation channel modulation 

on MSC-derived neocartilage at both mRNA and extracellular matrix levels. The mRNA levels of 

chondrogenic, hypertrophic and mechanoresponsive genes were analysed in neocartilage exposed 

to pulses of the TRPV4 agonist (GSK101) at different concentrations. GSK101 treatment (1nM) 

increased ACAN levels after treatment for 1-hour per day for 3 days. No increase was detected for 

hypertrophic markers at this concentration. This treatment regimen also increased sGAG content 

and enhanced compressive properties compared to untreated controls. GSK101 showed no effect 

on mechanoresponsive genes at the time-point of analysis. 

After analysis of normal properties of articular cartilage, it was observed that the medial 

condyle has the highest collagen content and largest range of compressive and shear moduli, while 

the patellar groove showed the lowest range for these two mechanical parameters, as well as stress-

strain (2%-10%) for the donors evaluated. Additional donors and categorization should decrease 

variability for further analysis.  

These results constitute the first efforts to develop scaffold-free biphasic osteochondral 

constructs from equine cord-blood MSCs with a double-layering approach, as well as enhancing 

equine MSC-derived neocartilage through TRPV4 signalling.
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PREFACE 

 

This thesis is written in chapter format where each chapter is a published, submitted, or 

soon-to-be submitted manuscript. Some degree of repetition is inherent with this format, but efforts 

have been made to optimize readability by omitting or reducing the abstract, introduction, 

conclusion, acknowledgements, and reference sections of each chapter. To ensure complete future 

experimental reproducibility, all materials and methods sections are unaltered from the original 

manuscripts. Good manufacturing practices were followed during the processes described in this 

thesis. SOPs, deviations, validation, non-conformances, out-of-specification report, and root cause 

analysis were documented (Appendix 16).  
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1 LITERATURE REVIEW 

1.1 Introduction 

Synovial joints or diarthroses are structures that confer mobility to animals such as horses and 

humans and are comprised of hyaline cartilage that covers the subchondral bone, a synovial 

membrane that delimits the joint cavity and a joint capsule that encloses the joint, in addition to 

ligaments that grant stability to the joint. The femorotibial joint (condyloid) has a concave surface 

that articulates with a convex face, allowing movements such as flexion, extension, adduction and 

abduction (Lories and Luyten 2018); menisci that support rotation and flexion/extension 

movements and ligaments that attach the menisci and prevent over-extension and inward rotation 

(Walmsley 2005). Joint disorders and focal defects can lead to damage, pain, loss of function and 

eventually progressive joint disease. 

 

Osteoarthritis (OA) is the leading cause of disability worldwide (Cross et al. 2014), resulting in 

joint pain and limited mobility, impacting the mental health of patients (Veronese et al. 2017) and 

associated to the development of cardiovascular disease (Chung et al. 2016; Courties et al. 2017). 

In North America, the average annual cost of OA per patient ranges from $1,442 to $21,335 USD, 

with an average increase per patient/year of $811 USD (Xie et al. 2016; Sharif et al. 2017), making 

the cost of care for this non-lethal condition very expensive. OA also has a significant impact on 

the horse industry. Orthopedic injuries in equine athletes are the main cause of lost training time, 

early retirement, and/or early euthanasia (Bertuglia et al. 2014). Focal cartilage defects, either 

partial or full thickness (exposing the subchondral bone), are present in more than 50% of equine 

clinical cases of joint arthroscopies and often progress to OA (Bolwell et al. 2017). In addition, 

subchondral bone cystic lesions are common in young horses and are important factors in the OA 
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etiology (Bodo et al. 2004). Thus, horses share similar natural disease progression to human 

progressive joint disease resulting from cartilage and/or subchondral bone damage, making the 

equine model practical for studying OA treatments and prevention.  

 

Articular cartilage is a specialized connective tissue whose role is to provide a smooth surface, low 

friction movement, and load distribution in joints. This hyaline cartilage differentiates from elastic 

cartilage and fibrocartilage for its high content of proteoglycans and collagen and its role in 

endochondral ossification, however, articular hyaline cartilage is not covered by the perichondrium 

(Jung 2014). Its composition and morphological organization determine the tissue’s biomechanics 

and function. Cartilage is comprised of chondrocytes and a complex extracellular matrix (ECM), 

and possesses depth-dependent variations in both composition and organization which dictates its 

anisotropic behavior in response to mechanical stress (Mow et al. 1992; Müller et al. 2014). 

Articular cartilage degradation is often the result of traumatic injuries (Kurz et al. 2005), such as 

meniscal tears, that destabilize the joint and cause damage. This alters both the low-friction surface 

and biomechanical properties of the cartilage, leading to joint discomfort, pain, swelling, further 

cartilage degeneration, subchondral bone changes and overall disruption in the balance of anabolic, 

catabolic and inflammatory factors  characteristic of OA (Loeser et al. 2012; Goldring and 

Goldring 2016; Lepage et al. 2019b).  

 

1.2 Focal cartilage defects as a risk factor for osteoarthritis 

Focal defects in the knee cause joint discomfort, pain, swelling, contribute to cartilage 

degeneration and have been associated with progression to OA as result of high-impact and 
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torsional loads (Buckwalter and Mankin 1998; Magnussen et al. 2008; Gratz et al. 2009). 

Traditionally, OA has been associated with three main phenomena: a) cartilage destruction, b) 

subchondral bone remodeling, and c) inflammatory responses in the synovial membrane (Kapoor 

et al. 2011). Chondrocytes-extracellular matrix (ECM) interactions are disturbed during OA, 

affecting production of ECM elements by chondrocytes as well as the balance of regulatory 

cytokines including IL-1 and TNF-α, which promotes the production of enzymes such as matrix 

metalloproteinases (MMPs) responsible for breakdown of the ECM (Millward-Sadler et al. 2000).    

 

Observations in recent studies indicate that alterations in any component of the joint will initiate 

the pathological events leading to structural damage and eventual loss of function. Therefore, it is 

proposed that a cross-talk between cartilage and subchondral bone exists, contributing to joint 

degeneration towards OA (Goldring and Goldring 2016), establishing the concept of the 

osteochondral unit and its relevance to the physiology of the joint. This osteochondral unit is 

comprised of articular cartilage, calcified cartilage, and underlying subchondral bone. It is well 

accepted that all the components of the osteochondral unit are compromised during joint disease 

(Loeser et al. 2012). This is supported by evidence that subchondral bone changes caused after 

microfracture are responsible in high failure rate of treatment attempts that focus on repair of 

cartilage, especially for defects larger than 20 mm2 (Gomoll et al. 2010).  

 
1.3 Biology of articular cartilage 

Cartilage is an avascular connective tissue formed by chondrocytes and a complex extracellular 

matrix (ECM). It provides low friction and distributes load forces to the underlying subchondral 

bone. In articular cartilage, type-II collagen is the main structural protein and in conjunction with 
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aggrecan creates a framework that provides compressive and elastic characteristics of cartilage 

(Glyn-Jones et al. 2015). A variety of non-collagenous proteins can also be found in articular 

cartilage including matrilin-3, biglycans, decorin, asporin, lumican and thrombospondins; and they 

are involved in assembly of fibril molecules regulating concentration and formation rate 

(Heinegård 2009). In addition, hyaluronic acid (HA) is a non-sulphated glycosaminoglycan (GAG) 

species, which has been observed to concentrate mostly in the middle zone of human articular 

cartilage, and its concentration decreases with age (Kuiper and Sharma 2015). HA confers load 

resistance capabilities to articular cartilage by altering its stiffness (Aspberg 2012). The calcified 

cartilage is a thin layer that is adapted to transfer, distribute and transform shear stress forces into 

compressive and tensile stresses during physiological loading (Burr and Gallant 2012). The 

underlying subchondral bone layout forms the cortical bone that transitions into a network of 

cancellous bone. The pathological events of bone remodeling during OA are driven by effects of 

bone organization and atypical mineralization (Donnelly et al. 2010). 

 

Articular cartilage is organized in a unique pattern determined by the distribution of its collagen 

fibers and chondrocytes denominated as zones. Four zones can be observed histologically and 

provide a micro-architecture with varying biochemical composition, cell morphology, cell 

orientation and mechanical properties in a depth dependent manner. These zones are a) zone of 

calcified cartilage, b) deep or columnar zone, c) middle or transitional zone and d) superficial zone. 

The size of these zones also present variations depending on the species.  

 



 
 

6 
 

Superficial to the subchondral bone we can observe the zone of calcified cartilage. It is a thin layer 

with cells smaller on volume compared to the other zones and are surrounded by calcified matrix. 

A tidemark can also be observed between the subchondral bone and the calcified zone (Buckwalter 

et al. 2005). Presence of type-X collagen and alkaline phosphatases are abundant in this zone and 

are frequently used as markers of hypertrophic and calcified cartilage (Fuerst et al. 2009). 

 

Above the zone of calcified cartilage is located the deep or columnar zone. As the name implies, 

the orientation of chondrocytes and fibers are perpendicular to the joint surface resembling 

columns. It tends to be the thickest zone in articular cartilage, it is the richest zone in proteoglycans, 

the collagen fibers in this zone have the largest diameter, and the chondrocytes within have a 

spheroidal shape (Buckwalter et al. 2005).   

 

The transitional zone is located between the deep and superficial zones. It is larger in size than the 

superficial zone, its chondrocytes also have a spheroidal shape but are particularly rich in 

organelles such as Golgi membranes and endoplasmic reticulum. Chondrocytes and fibrils present 

a random arrangement. It contains less collagen fibers than the superficial zone but a higher 

concentration of proteoglycans (Buckwalter et al. 2005).    

 

The superficial zone is a thin zone that contains a matrix made of collagen fibers aligned parallel 

to the joint surface similar to a mat. The chondrocytes in this zone have a flattened shape and can 

degrade proteoglycans at a rapid pace, thus this zone is lower in these molecules compared to 

deeper zones. It also contains the highest concentration of water and fibronectin. In addition, a fine 
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acellular layer comprised of hyaluronic acid (HA), proteoglycan-4 (PRG4) and zwitterionic 

phospholipids, named lamina splendens, can be found in some regions of joints, and it is believed 

to play a role in boundary lubrication at low speed and loads (Wan et al. 2021).           

   

1.4 Biomechanics of articular cartilage 

From a biomechanics perspective, articular hyaline cartilage has properties characteristic of three 

phases (solid, fluid and ion phase), and its response to mechanical load can be described as a poro-

viscoelastic material. The solid phase is constituted by a network of collagen (mainly type-II) and 

proteoglycans, contributing to roughly 15%-22% and 4%-7% of wet weight respectively; the fluid 

phase corresponds to water (80% of wet weight) and the ion phase provided by different 

electrolytes such as Na+, Ca++, Cl- among others (<1% of wet weight) (Lu and Mow 2008). 

Different properties can be observed as response to applied stimuli over time: creep (permanent 

deformation after constant stress), hysteresis (influence of previous loading over tissue behavior), 

and stress-relaxation (decrease of stress on material at constant strain until equilibrium is reached). 

These stimuli can include, compression, osmotic, shear stress and electric current and membrane 

potential differences (Balko et al. 2018). Pathological conditions such as OA result in the loss of 

proteoglycans and water content, as well as disturbance of the fibril network of cartilage, followed 

by alteration on its response and distribution of forces after mechanical strain.       

For this reason, the determination of native biochemical composition and mechanical properties 

of articular cartilage is essential for tissue-engineering aiming to prevent progression of events that 

can lead to degenerative joint disease. One biomechanical parameter of cartilage that describes the 

relationship between stress and strain, is the proportionality constant (during linear elasticity) 
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known as modulus (Lu and Mow 2008), for example: Young’s or compressive modulus (E) (also 

known as modulus of elasticity during tension). Another parameter is the Poisson’s ratio (v), which 

can simply be described as the lateral strain divided by the longitudinal strain under unconfined 

compression (Jin and Lewis 2004). 

 

Properties at equilibrium are important predictors of load-bearing capacity of cartilage. The 

equilibrium modulus involves the intrinsic stiffness of the solid matrix plus the Donnan osmotic 

pressure from the components. The concepts of “apparent” properties are used to denote the 

stiffness including the Donnan osmotic effect, and to differentiate it from the “intrinsic” properties 

which do not consider such osmotic effect. Both concepts are the basis for theoretical biphasic and 

triphasic models used to analyse properties of cartilage such as the aggregate modulus (Lai et al. 

1991). Further, curve-fitting strategies can be used to estimate properties from data indentation, 

stress-relaxation or creep tests (Lu and Mow 2008). Both biphasic and triphasic theory are helpful 

to estimate and understand biomechanical properties of cartilage, however they assume different 

conditions, and are suited to calculate different properties including permeability (k), Young’s 

modulus (Ey), Poisson’s ratio (v), shear modulus (G), aggregate modulus (Ha), loss modulus (E’’), 

equilibrium modulus (Eeq), complex modulus (dynamic stiffness), creep curves, stress-strain 

curves, ultimate compressive strength (σmax), etc (Lee et al. 1994; Kerin et al. 1998; Jin and Lewis 

2004; Changoor et al. 2006; Lim et al. 2011; Temple et al. 2016). In light of such a wide range of 

parameters and assumptions, which mechanical properties should be considered to achieve a tissue 

replacement for articular osteochondral tissues? 
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Butler and colleagues postulated six principles for functional tissue engineering of cartilage, these 

principles aim to increase the safety and efficacy of repaired tissues and structures for load-bearing 

purposes: 1) the stress and strain histories of normal tissues, 2) sub-failure and failure properties 

of normal tissues, 3) select and prioritize subset of mechanical properties, 4) setting standards (how 

good is good enough?), 5) identifying signalling presence in vivo and their interaction with the 

ECM, and 6) influence of physical factors over cell activity (Butler et al. 2000). Stress and strain 

histories can set thresholds for different in vivo activities to help designing effective tissue 

replacements to meet functional demands. Sub-failure and failure properties can help provide 

estimates of the quality of tissues as materials and can be measured both within the bounds of 

expected values defined from the stress/strain histories. Prioritizing mechanical properties is a 

challenging step as it is unrealistic to address all parameters at once. The limiting factor for 

successful outcomes in the animal model can help determining which parameters are critical to 

address (bone integration, shear strength issues, collapsing of implant due to compressive forces). 

The fourth principle (setting standards) can help discriminating which mechanical parameters are 

suitable after surgery to allow function of the tissue, even when some of the parameters measured 

are inferior to native values. The fifth principle refers to explore the cellular role and 

mechanotransducive responses and the sixth principle involves the characterization of in vivo 

responses to different physical factors (such as in bioreactors) and how cells respond to them 

(Butler et al. 2000).  

Thus, the determination of stress-strain properties, set mechanical benchmarks, molecular 

signalling during mechanical stimuli (principles #1, #3, #4 and #5) will be the main focus of this 

thesis.   
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1.5 Strategies for regeneration of cartilage 

Natural healing of cartilage is limited to inferior repair tissue, which does not achieve restoration 

of the cartilage surface, structural integrity, or function. Although joint replacement can partially 

reduce symptomatic pain, swelling and recover some range in motion and quality of life; it is 

expected that the economic burden will pose a significant challenge due their increasing demand 

(Lopez-Puerta et al. 2013). Moreover, joint replacement complications including: vascular injury, 

neural deficit, failure of wound healing, bleeding, osteolysis, periprosthetic fracture, tibiofemoral 

and patellofemoral dislocation; are among the commonly reported adverse events that hamper the 

efficacy of these procedures as therapies for joint disease (Healy et al. 2013). Therefore, 

researchers have explored different repair strategies including bone marrow stimulation, cell-based 

therapies, and replacement techniques.     

 

Bone marrow stimulation techniques, attempting to promote intrinsic regeneration through 

debridement and penetration of the subchondral bone to recruit endogenous stem cells have only 

resulted in isolated cartilage growth, mostly of fibrocartilage with inadequate ECM content and 

mechanical properties compared to healthy articular cartilage (Lee et al. 2010; Sun et al. 2018).  

 

Early cell-based therapies, including autologous chondrocyte implantation (ACI), commonly 

relied on culturing chondrocytes in the laboratory and implanting them in the affected area of 

symptomatic patients in liquid form with a periosteal flap (Brittberg et al. 1994) or collagen cap 

(Gomoll et al. 2009). Although arthroscopic examination showed positive short-term results with 

lower pain and swelling on patients treated with ACI, the approach suffers from issues including 

graft overgrowth, hypertrophy, and uneven cell distribution. The clinical need for a safer, 
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consistent, and efficient method of application led to the development of the matrix-induced 

autologous chondrocyte implantation (MACI). This method uses a collagen membrane (matrix) as 

a cell carrier in which chondrocytes are seeded to facilitate application (Brittberg 2010). MACI 

demonstrated improvements in pain and function according to Knee Injury and Osteoarthritis 

Outcome Score (KOOS) assessments compared to microfracture. Despite this, it failed to show 

differences in defect fillings using MRI examinations (Brittberg et al. 2018). Thus, no cell-based 

technique has consistently shown restoration of cartilage as observed by histological and clinical 

outcomes (Magnussen et al. 2008). Moreover, limitations such as formation of fibrocartilage 

(Steinwachs et al. 2008), low cell numbers, cell de-differentiation, and donor site morbidity still 

persist (Matricali et al. 2010). 

 

In comparison to osteochondral grafts, these two previous repair strategies only aim to treat the 

cartilage portion without addressing the underlying subchondral bone (Appendix 1). For the past 

20 years, osteochondral grafts have become a popular alternative (Scheibel et al. 2004; Tsuda et 

al. 2005; Torrie et al. 2015) as they have shown good to excellent clinical results including 

functional evaluations and cartilage filling as evidenced by MRI in follow-ups, between 12 months 

to 48 months after operation (Sharpe et al. 2005; Nho et al. 2008). Autologous osteochondral grafts 

were introduced with the rationale of replacing the zone of defect by harvesting either one large 

osteochondral column or multiple smaller columns (mosaicplasty) from a non-weight bearing area 

into the defect. Thus, this repair approach fundamentally addresses the whole osteochondral unit. 

However, the two main problems are the low donor availability for grafts and donor site morbidity 

leading to the development of tissue engineered implants in the lab.  
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For osteochondral tissue engineering, several factors need to be and have been considered, 

including cell types and their sources, different supporting materials/scaffolds, growth factors or 

other stimuli and animal models. The combination of evaluating a therapeutic implant or device 

comprising of all elements of the tissue-engineering “dogma” and employing a clinically relevant 

model can provide the basis for pre-clinical studies of functional osteochondral restoration (Figure 

1.1). Recent examples include bi-compartmented constructs that prevent vascularization to the 

chondral phase, promoting a 3D- environment to precondition MSCs and formation of the 

cartilage-bone interphase (Wu et al. 2019; Critchley et al. 2020; Favreau et al. 2020).   
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Figure 1.1 Simplified routes followed by diverse studies in osteochondral regeneration in large 

animal models. PSC: Pluripotent stem cell, MSC: Mesenchymal stromal cell, TGFβ: Transforming 

growth factor beta, SOX9: SRY-box transcription factor 9. Image from Lopez-Jimenez et al 

(unpublished). 
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For cartilage regeneration, mature chondrocytes were initially the cell source considered, but these 

cells tend to drift phenotypically when cultured in vitro with down-regulation of chondrogenic 

genes (Rahfoth et al. 1998; Chen et al. 2003; Coates and Fisher 2010). Other challenges include 

low initial cell numbers during harvesting and limited proliferative potential. Alternatively, cells 

with differentiation potential such as pluripotent stem cells, progenitor cells, and mesenchymal 

stromal cells (MSCs) have gained interest to overcome these limitations (Appendix 2).  

 

1.6 Mesenchymal stromal cells for cartilage tissue engineering 

MSCs are classified as a multipotent population of adult stem cells that play roles in the 

maintenance and repair of tissues in vivo (Whitworth et al. 2014). Therefore, they are an attractive 

cell source for cartilage and endochondral bone formation as they can self-renew and differentiate 

into osteocytes and chondrocytes (Dominici et al. 2006). MSCs can be isolated from different 

sources including bone marrow, fat, umbilical cord tissue and cord blood, synovial fluid, and 

dental pulp among other tissues (Kern et al. 2006; Berg et al. 2009; Wang et al. 2009); by selecting 

spindle-shaped cells that exhibit adherence to plastic, through depleting trypsin-intensive 

hematopoietic cells in vitro (Sun et al. 2003). MSCs show a large level of heterogeneity in terms 

of source and even passage number during in vitro culture making it unrealistic to set a single 

combination of surface markers for their identification (Bianco et al. 2006).  

There is not yet consensus for the best cell source for regeneration of osteochondral tissues as a 

therapy for articular cartilage defects. MSCs have consistently shown a variety of advantages such 

as immunomodulation (Jin et al. 2013; Lepage et al. 2019a), resilience to cryopreservation (Jomha 

et al. 2004; Duan et al. 2018), and tri-lineage differentiation capacity making them ideal candidates 
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for an “off the shelf” cellular solution. However, because they can be derived from different 

sources, more research has to be done to determine all advantages and implications of using one 

type of MSC over the other.  

 

Bone marrow MSCs (BM-MSC) are a commonly used cell source for their easy expansion in vitro 

and capacity to differentiate into cartilage. In the past, several in vivo studies have explored BM-

MSCs for their osteochondral regenerative potential in different animal models. However, their 

main limitations include their tendency to produce neocartilage that is hypertrophic with low type-

II collagen content, and as a result, inadequate mechanical properties compared to hyaline cartilage 

(Koga et al. 2009). In addition, delivery of MSCs into osteochondral defects suffer from poor 

engraftment (Wei et al. 2013; Whitworth and Banks 2014), lack of 3-dimensional (3D) structure 

and lower neocartilage-subchondral bone interface (Fujie et al. 2015). Methods to solve these 

issues include the use of membranes to locally maintain cells in the site of defect, the use of 

multilayered scaffolds, and pre-conditioning both host tissues and implanted cells to facilitate their 

engraftment (Ezquer et al. 2017). However, when used on their own, these efforts with MSCs fail 

to produce repaired tissues that restore structure and function of the native articular tissues. For 

this reason, combinations of bioactive molecules and scaffolds have been used to enhance cartilage 

repair by providing 3-dimensional support, regulating factors that degrade the ECM (Grigolo et al. 

2009), promoting neocartilage formation with different regions of composition, and improving 

mechanical properties (Nguyen et al. 2011).  
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Cord-blood MSC (CB-MSC) present advantages over other sources including BM-MSC and cord-

tissue MSC such as requiring a non-invasive isolation method, high capacity for chondrogenesis, 

no evidence of producing hypertrophic neocartilage as well as immunomodulatory properties 

(Berg et al. 2009; Koch et al. 2009; Lepage et al. 2019a). 

 

Other MSC sources have been evaluated for their chondrogenic potential in vitro but have not 

necessarily demonstrated their capacity to repair cartilage defects on large animals. This is the case 

of dental pulp derived-MSC (DP-MSC) and synovial fluid-MSCs (Zayed et al. 2018). DP-MSCs 

have been proposed as good candidates for osteochondral repair and tissue-engineering research 

and have been used to treat bone defects (Fernandes et al. 2020). However, comparative studies 

are needed to evaluate if these MSC sources can provide superior cartilage restoration in full-

thickness defects. 

 

1.7 Materials for cartilage tissue-engineering 

Different types of materials have been used for regeneration of cartilage, from decellularized 

scaffolds (Sutherland et al. 2015; Robb et al. 2018; Nie et al. 2020), acellular co-polymer structures 

(Moroni et al. 2006; Korthagen et al. 2019; Lin et al. 2020), fibril reinforced hydrogels (Hindle et 

al. 2016; Critchley et al. 2020),  therapy-guided “intelligent” scaffolds (Asen et al. 2018; Prince et 

al. 2019; Madry et al. 2020), composite scaffolds using ceramics (Vindas Bolaños et al. 2017), or  

bone substitutes (Pilliar et al. 2001; Kandel et al. 2006; Lee et al. 2017; Sermer et al. 2018) that 

only contribute as a substrate to the overlying neocartilage (scaffold-free). These structures must 

provide mechanical support, nutrient supply, and allow growth and migration of cells. However, 
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the limited materials that can be used is recognized as the main challenge for osteochondral 

regeneration (Guo et al. 2017). Thus, the trend for the past years is to develop scaffolds that achieve 

the complex microstructure to recreate native ECM architecture (biomimetic) and investigate the 

feasibility of osteochondral implants for engrafting into focal defects.  

 

1.8 Osteochondral constructs as treatment for focal cartilage 
defects 

As articular cartilage has poor intrinsic regenerative capacity, natural healing is limited to fibrotic 

repair tissue that fails to restore the tissue’s structural integrity or function. This often leads to 

subchondral bone damage as a result of an imbalance of anabolic and catabolic factors, eventually 

causing extensive subchondral bone remodeling, pain, and loss of joint function (Buckwalter 2002; 

Gratz et al. 2009). Attempts at repair focal cartilage defects through debridement and microfracture 

(bone marrow stimulation) stimulate endogenous healing, but still result in the production of 

inferior fibrocartilage with inadequate ECM content and mechanical properties (Lee et al. 2010; 

Sun et al. 2018). Exogenous cell-based restoration techniques, such as autologous chondrocyte 

implantation (Brittberg et al. 1994) or matrix-induced ACI (MACI), show positive short-term 

results in reducing pain and improving function, however major limitations still exist. Therefore, 

there is currently an unmet clinical need for a long-term solution for focal cartilage defects. 

 

All procedures mentioned above aim to repair damaged cartilage only without addressing the 

underlying subchondral bone. As damage to either of these tissues can result in catabolic changes 

in the other, osteochondral grafts have become a popular alternative to cartilage-only repair 

techniques (Scheibel et al. 2004; Torrie et al. 2015). Autologous grafts are more durable long-term, 
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and repaired cartilage has a higher survival rate compared to microfracture (Solheim et al. 2020). 

Unfortunately, low availability of harvestable plugs, risks of transmission of diseases for allografts, 

and donor site morbidity in the case of autografts, are important limitations for the use of 

osteochondral grafts as treatment.     

 

In vitro tissue engineering of osteochondral implants is an attractive solution to circumvent these 

limitations. Such implants must comprise the zonal architecture of articular cartilage, anchor well 

to the subchondral bone, and withstand the load-bearing demands of the joint. One method is by 

using a biocompatible material either as a scaffold or a substrate that permits the generation of 

neocartilage inside or on its surface respectively, while at the same time achieves integration to 

the surrounding osteochondral tissues. Anatomically-shaped osteochondral constructs have been 

successfully produced with viable neocartilage, containing abundant glycosaminoglycans (GAG), 

type-II collagen and exhibiting superior graft fixation, stability and functional properties closer to 

native tissues compared to other repair methods (Hung et al. 2003; Brown et al. 2018). 

In particular, the use of calcium polyphosphate (CPP) ceramics (Grynpas et al. 2002; Pilliar et al. 

2013) as subchondral bone substitutes upon which scaffold-free neocartilage can be generated has 

been previously explored with positive results (Waldman et al. 2002; Lee et al. 2017). These 

studies relied on the use of in vitro-expanded chondrocytes before seeding cells onto the substrate 

to create neocartilage. While this approach shows promising results as a potential treatment to 

focal cartilage defects, the reliance on chondrocyte isolation and subsequent expansion makes their 

use unrealistic for high scale production.   
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MSCs can be used for cartilage tissue engineering as they can be cultured over few to several 

passages without major alterations to function, they are cryotolerant, and they can be easily 

induced to undergo chondrogenesis in vitro. However, previous attempts of producing 

osteochondral constructs using undifferentiated MSCs on bone substrate surfaces such as CPP 

have been unsuccessful due to cell contraction (Lee et al. 2011), a natural side effect of in vitro 

chondrogenic induction via the TGFβ3 pathway. Therefore, reducing or preventing cell 

contraction during MSC chondrogenesis on top of a CPP bone substrate would allow for the 

reproducible, large-scale generation of MSC-derived osteochondral constructs.    

 

1.9 Challenges for studies in cartilage regeneration    

Among the reasons for stagnation of developing a long-term solution for regeneration of cartilage, 

the lack of addressing the structural organization, mechanical strength of engineered constructs, 

native benchmarks and inappropriate choice of the animal model are probably the most important 

(Fugazzola and van Weeren 2020).  

 

In addition, the wide variety of approaches being currently explored for research of osteochondral 

regeneration makes the interpretation and comparison of results between studies challenging 

(Appendix 3). One clear example is the analysis of mechanical properties. When evaluating 

cartilage stiffness, some authors address only the instantaneous response of cartilage (such as 

Young’s modulus) while others estimate the properties at equilibrium. Depending on the 

mechanical test used, some groups may evaluate a variety of parameters such as Poisson’s ratio, 

permeability, and shear stress resistance (Murray et al. 1998; Kelly et al. 2006; Allan et al. 2007; 
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Holland et al. 2014; Berteau et al. 2016). To complicate things more, there is lack of consensus in 

reporting the different properties among researchers. For the properties of the subchondral bone, 

there seems to be less discrepancy, and most studies focus on reporting the Young’s modulus 

(Malekipour et al. 2016), bone density (Madry et al. 2020), and ultimate stress (Changoor et al. 

2006). Enhancing the compressive and shear properties of engineered tissues could improve the 

integration and clinical performance of regenerated cartilage.  

 

1.10 Enhancing methods for cartilage tissue-engineering 

There are several methods used to improve tissue engineered-based products and treatments 

including mechanical stimulation, in vivo conditioning, oxygen tension, and multiple molecules 

incorporated to conditioned media. Different forms of mechanical stimulation have also been 

studied to improve the mechanical properties of engineered constructs (Waldman et al. 2003b, 

2007); however, it is expected that a combination of multiple stimuli are necessary to increase the 

growth potential of in vitro cartilage to native levels (Balko et al. 2018). Explored approaches such 

as hypoxia (Papakonstantinou et al. 2002; Co et al. 2014; Kalpakci et al. 2014; Anderson et al. 

2016; Gardner et al. 2019), dynamic compression (Mauck et al. 2000; Kelly et al. 2006; Wall and 

Board 2014), enrichment with platelet rich plasma (Goodrich et al. 2016; Cassano et al. 2018; 

Sermer et al. 2018; Olesen et al. 2020) and molecules such as BMPs (Craft et al. 2015; Favreau et 

al. 2020), or TGFβ (Asen et al. 2018), have been used to increase aggrecan and type-II collagen 

content and enhance the compressive, tensional and shear moduli of tissue-engineered cartilage 

and increase expression of mRNA levels of chondrogenic markers including COL2A1, ACAN and 

SOX9.     
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1.10.1 Chemical activation of mechano-transductive signalling to enhance 
neocartilage   

As previously mentioned, in vitro generated cartilage has been proposed as a potential treatment 

option for articular cartilage defects. However, tissue-engineered cartilage often suffers from 

inadequate biochemical and mechanical properties (Kock et al. 2012). In this regard, mechanical 

stimulation has been proven to be an important factor in cartilage for synthesis and maintenance 

of the extracellular matrix (ECM) components, and it is used as a strategy to prime tissue 

engineered cartilage through the use of bioreactors that can apply controlled loading regimes 

(Anderson and Johnstone 2017; Salinas et al. 2018). On the other hand, excessive or inadequate 

mechanical forces can result in detrimental effects to cartilage homeostasis and lead to pathological 

events and progress into joint disease (Guilak 2011).  

 

Chemical stimulation of mechanotransductive signalling can target chondrogenic and mechano-

responsive pathways to enhance cartilage quality and function. Ion channels in chondrocytes have 

been identified to be key components of mechanotransduction. The Transient Receptor Potential 

Vanilloid 4 (TRPV4) is an osmo-mechanosensitive, Ca+ permeable cation channel, highly 

expressed in chondrocytes and has been shown to be sensitive to mechanical (Liedtke et al. 2000; 

Phan et al. 2009) and osmotic (Liedtke et al. 2003) stimuli. It plays fundamental roles in 

skeletogenesis and joint homeostasis. For example, TRPV4 mutations and deletions result in 

disruption of skeletal development and joint degeneration (McNulty et al. 2015), furthermore 

TRPV4 loss-of-function in mice results in bone remodeling and eventually cartilage degeneration 

(Clark et al. 2010).   
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There is evidence that activation of TRPV4 during in vitro chondrogenesis or tenogenesis 

upregulates ECM anabolic genes while decreases catabolic related genes (O’Conor et al. 2014; 

Gilchrist et al. 2019). Recently, it has been shown by gene array analysis that TRPV4 activation 

by either mechanical loading or a specific agonist causes a strong anabolic response in primary 

chondrocytes, which is accompanied by a transient, rapidly resolving inflammatory response that 

is associated with tissue regeneration (Nims et al. 2021). TRPV4 activation has also been shown 

to enhance glycosaminoglycan and collagen synthesis (Muramatsu et al. 2007), modulate forces 

across cytoskeletal vinculin (VCL) proteins and improve mechanical properties in engineered 

constructs from primary chondrocytes and human mesenchymal stromal cells (MSCs) (Gilchrist 

et al. 2019). Similarities in patterns of expression of TRPV4, ACAN and COL2A1 have been 

observed in MSCs, adipose derived stem-cells and induced pluripotent stem-cells (iPSCs) 

undergoing chondrogenesis (Huynh et al. 2019; Adkar et al. 2019; Katz et al. 2020), and appears 

to regulate chondrogenesis in murine iPSC (Willard et al. 2017). 

 

As compressive and osmotic loading are widely recognized to maintain chondrogenesis and drive 

chondrocyte turnover in vitro (Mauck et al. 2000; Elder et al. 2001; Démarteau et al. 2003; Negoro 

et al. 2008), the identification of mechanoresponsive genes that are regulated by TRPV4 signalling 

is of particular interest. The PKA-CREB (cAMP Responsive Element Binding protein) and PP2A 

(Protein Phosphatase 2A) pathways, have both been reported to regulate Sox9 during in vitro 

chondrogenesis (Zákány et al. 2002; Piera-Velazquez et al. 2007). In addition, it has been reported 

that vinculin contributes to the mechanotransduction complex of integrins (Dufour et al. 2013), 

and it has been implicated to regulate stem cell behaviour in response to ECM stiffness (Holle et 

al. 2013). Moreover, vinculin mediates integrin assembly trough Crk-associated substrate within 



 
 

23 
 

focal adhesion kinases (FAK) and modifies mechano-sensing dynamics between cell cytoskeleton 

and the ECM (Janoštiak et al. 2014). Thus, these findings suggest that CREB1, PP2A, FAK (PTK2) 

and VCL are candidate mechanoresponsive targets during TRPV4 chemical modulation. Currently, 

the role of TRPV4 in chondrogenesis and mechanotransduction in large animal models has not 

been thoroughly evaluated. 

 

1.11 Choice of animal model 

The development of new strategies for restoration of form and function of osteochondral tissues 

after focal defects require a pre-clinical model that can recreate the pathophysiological and clinical 

conditions as observed in human patients, as well as test the safety, feasibility, and effectiveness 

of such candidate treatment.   

 

Both small and large animal models have been used to investigate osteochondral biology, joint 

disease, and cartilage regeneration (Malda et al. 2012; Cook et al. 2014; Mumme et al. 2016; Meng 

et al. 2020). The appropriate animal model allows researchers and clinicians to evaluate restoration 

of structure, composition, and function of cartilage. With this purpose, different large animal 

models have been used for in vivo studies, including dogs, minipigs, sheep, horses, and goats. In 

comparison to small animal models, large animal models are appropriate for long-term studies (6-

12 months or more) to evaluate cartilage, subchondral bone as well as the interface between both. 

Their larger size permit evaluation of critical-size defects clinically relevant to human medicine, 

and depending on the model, evaluation of several sites within the same joint. Furthermore, it is 

also possible to perform a second arthroscopy (horse model) before the study endpoint which can 
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provide valuable data in the evolution of the generating tissue due the large dimensions of the 

joints (Moran et al. 2016). 

 

Several large animal models have been used for both proof-of concept and comparative studies for 

regeneration of cartilage (Table 1.1). They allow to set up study designs for testing clinically 

relevant scenarios such as weightbearing vs non-weightbearing and treatments vs control; thus, 

results have a higher translational value to human medicine compared to small animal models. 

However, additional considerations are necessary in comparison to small animal models regarding 

the skeletal maturity, statistical power, defect size, outcome parameters, relevant controls, costs, 

good clinical practices (GCP), and duration of the study (Cook et al. 2014). There is no large 

animal model that can perfectly mimic the physiological and clinical conditions of cartilage defects 

in human femorotibial joints, this being in part due to: their quadruped locomotion, their relatively 

thinner articular cartilage, diet and metabolism that influence the composition of hard tissues in 

comparison to humans.  

 

1.11.1 Partial and full thickness defects 

Most studies for cartilage regeneration in large animals involve the subchondral bone while about 

95% of clinical cases in humans are exclusive to cartilage, moreover the volume of cartilage 

defects in animal models is proportionally less compared to humans (Dias et al. 2018). Despite 

this, sheep, minipigs and horses are widely used models for osteochondral regeneration or for 

testing novel materials, methods and treatments for restoration of cartilage (Gao et al. 2016; 

Fernandes et al. 2018; Friedman et al. 2018; Theruvath et al. 2019; Vukasovic et al. 2019).       
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Pfeifer et al (Pfeifer et al. 2017) evaluated the effect of full thickness or partial thickness chondral 

defects over the subchondral plate of both juvenile and adult minipigs. They observed significant 

bone loss in subchondral plates of juvenile minipigs compared to adult individuals suggesting that 

bone remodelling is substantial in skeletally immature individuals during full thickness defects, 

while quality of repair tissue was better in skeletally immature animals after partial thickness 

defects. Thus, indicating a correlation between weight-bearing capacity of subchondral bone and 

cartilage repair, further supporting the concept of the osteochondral unit “as a whole” and its 

importance during restoration of joint structure and function after damage.      

 

1.12 The horse as a model for cartilage regeneration 

The horse model is an attractive large animal model for translational regenerative osteochondral 

research. Among all the reasons, perhaps the most advantageous are: 1) the thickness of articular 

cartilage at the horse stifle joint (1.5 mm – 2.0 mm) is more similar to that of the human knee (1.7 

mm – 2.5 mm) in comparison to other animal models, 2) the large size of the stifle joint allows 

room for several clinically relevant defect sites, 3) it is possible to perform second look post-

operatively arthroscopies, and 4) defects occur spontaneously and injuries in athletic horses can 

mirror injuries in athletic humans. Moreover, it is the only animal model in which cartilage defects 

dimensions relevant to human medicine can be reproduced (Ahern et al. 2009). They are 

appropriate for long-term studies such as recent work by McCarrel (McCarrel et al. 2017) and 

Goodrich (Goodrich et al. 2016), which evaluated defects of 10 mm and 15 mm in diameter 

respectively, and the duration of these studies were 24 months and 12 months respectively.  
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Although the medial femoral condyles is considered a clinically relevant location because defects 

in this site of the joint simulate lesions on the medial femoral condyle of humans (McIlwraith et 

al. 2011); it can represent a site with high risk due to being a weightbearing location. Thus, the 

lateral trochlear ridge is often chosen as the experimental joint region. Defects on this site ranging 

from 12mm - 15mm in diameter permit macroscopic, magnetic resonance imaging, histological, 

molecular, biochemical, and mechanical evaluations. In addition to the lateral trochlea, the horse 

patellar groove could be a viable site for evaluating grafts that requires a less demanding physical 

load (Ahern et al. 2009).  

 

The horse model is less commonly used compared to the minipig or sheep models due to higher 

costs and difficulty of handling during surgery, which typically results in fewer individuals per 

study group. Fortunately, this animal model permit two critical-sized defects (15 mm wide) on the 

same trochlear ridge, thus sample sizes of 6-12 individuals provide enough statistical power for 

cartilage regeneration studies (McIlwraith et al. 2011). In addition, the total cartilage volume of 

full thickness critical-sized defects in minipigs is 40 mm3 while in horses ascends up to 190 mm3 

(Ahern et al. 2009).   

 

Perhaps the most recognized drawback of the horse model is the initial high compressive load to 

which experimental defects will be subject immediately after recovery from anesthesia. This can 

potentially have a negative impact over the candidate treatment, particularly if weight-bearing 

regions are tested, potentially hampering the outcome. Indeed, a six months study of decellularized 

osteochondral implants in horses (Vindas Bolaños et al. 2017), observed disappointing results 
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attributed to the underperformance of the biomaterial used in this study to appropriately distribute 

the compressive load, resulting in bone loss. Large animal models allow for translational research 

in biomaterials intended for clinical applications however, high costs, housing and ethical 

consideration may pose a challenge in their use (Meng et al. 2020). For these reasons, an 

appropriate study design is especially important to obtain the best benefit from the horse as a 

model. 

 

Finally, the unmet clinical need for a long-term solution for cartilage defects in this animal model 

make it a great candidate for developing, enhancing, and then implanting tissue-engineered 

constructs for research of clinical efficacy and restoration of osteochondral function with 

translational potential to human medicine.  
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Table 1.1 Joint location, study length and use of empty defects as controls in various comparative 

studies for cartilage regeneration.   

Animal model Study design Reference 

Minipig Location: Both laterala and medialb trochlea; 

medial condylec. 

Length:1-6 months studies 

*Empty defects as control group 

*Lin et al (2020)a,c, Madry et al 

(2020)a, Olesen et al (2019)a,b, 

Theruvath et al (2019)b, *Wu et al 

(2019)a,b, Fernandes et al (2018)c, 

Asen et al (2018)c, Pfeifer et al 

(2017)a,b, *Friedman et al (2018) a,b, 

Gao et al (2016)a,b, Nie et al 

(2020)a 

Sheep Location: Mediala and lateralb femoral 

condyles 

Length: 3-12 months studies 

*Empty defects as control group 

Vukasovic et al (2019)a,b, Gao et al 

(2016)a, *Favreau et al (2020)a, 

Hindle et al (2016)a 

Goat Location: Mediala and lateralb femoral 

condyles 

Length: 3-6 months studies 

*Empty defect as control 

Critchley et al (2020)a, Mumme et 

al (2016)a,b 

Horse Location: Lateral femoral trochleaa, 

metacarpophalangeal jointb 

3-24 months studies 

*Empty defect as control 

*McCarrel et al (2017)a, *Goodrich 

et al (2016)a, *Korthagen et al 

(2019)a, Vindas-Bolanos et al 

(2016)a, Prince et al (2019)b 
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1.13 Rationale, objectives, and hypothesis 

 

1.13.1 The overall rationale for this thesis was: 

Multidisciplinary approaches can provide superior outcomes for regeneration of cartilage by 

leveraging from an appropriate cell source, growth factors, mechano-transductive stimuli, 

supporting biomaterials, and an animal model with translation potential. CB-MSC have high 

chondrogenic potential with no show of hypertrophic phenotype and can be used to produce 

osteochondral constructs on top of CPPs. TRPV4 signalling has demonstrated to enhance 

properties of constructs derived from primary chondrocytes. The stifle joint of the horse has 

different regions that can be used as reference to tissue-engineered CB-MSC-derived neocartilage. 

Tissue-engineering an osteochondral implant that could be used as an allogenic alternative to 

mosaicplasty as well as enhancing the composition and mechanical properties of neocartilage to 

levels comparable to native joint tissues will represent a step forward in finding a long-term 

solution for focal cartilage defects.        

1.13.2 The general hypothesis for this thesis was:  

Chemical activation of neocartilage derived from equine cord-blood MSCs will generate stable 

hyaline-like cartilage with functional properties comparable to native cartilage.  

1.13.3 The general objectives for this thesis were the following: 

1) Obtain native benchmarks from the horse femorotibial joint  

2) Generate, improve, and characterize MSC-derived osteochondral constructs 

3) Enhance MSC-derived neocartilage through TRPV4 channel activation 
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2 Determination of Equine Native Benchmarks from The 
Stifle Joint 

 

2.1 Introduction 

Replacement of degenerated areas at the femorotibial joint by tissue-analogues generated in vitro 

have been proposed as attractive treatment. Reference benchmark information from the native 

tissue is necessary in order to develop functional tissue-engineered cartilage with appropriate 

biomechanical and structural properties. 

 

The horse model is an attractive large animal model for translational regenerative osteochondral 

research due to possessing a thickness of articular cartilage at the stifle joint more similar to that 

of the human knee (1.5 mm – 2.0 mm vs 1.7 mm – 2.5 mm respectively) in comparison to other 

animal models, the large size of the joint allows for several defect sites, it is possible to perform 

second look post-operatively arthroscopies, and focal defects occur spontaneously. Moreover, it is 

the only animal model in which cartilage defects dimensions relevant to human medicine can be 

reproduced (Ahern et al. 2009). They are appropriate for studies of 12 months and more (Goodrich 

et al. 2016; McCarrel et al. 2017) in part due to the difficulty to obtain a solution with long-term 

clinical efficacy, thus making them a target animal model with an unmet clinical need with 

translational potential to human medicine (Fugazzola and van Weeren 2020).       

 

Efforts to characterize equine native cartilage have been done in the past. Properties commonly 

reported in studies of characterization of equine native cartilage include: thickness (h), Young’s 

modulus (Ey), glycosaminoglycan (GAG) and collagen content among others (Murray et al. 1998; 
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Brama et al. 2000; Strauss et al. 2005; Holland et al. 2014; Malekipour et al. 2016). However, 

information of shear modulus (G), compressive modulus (E), Poisson’s ratio (v), stress-strain and 

modulus at equilibrium by joint region of the stifle is still lacking in the literature. From these, 

several sites from the medial and lateral trochlea have been identified to have similar properties to 

the femoral condyles. However, stiffness at equilibrium at the patellar groove has shown lower 

stiffness compared to frequent clinically relevant sites in the medial femoral condyle (Changoor 

et al. 2006). 

 

The aim of this study is to determine the biomechanical properties of cartilage from five different 

regions of the distal femur: medial femoral condyle (MFC), lateral femoral condyle (LFC), medial 

trochlea (MT), lateral trochlea (LT) and the patellar groove (PG) of the femorotibial joint of horses 

as benchmarks for tissue-engineered cartilage and analyse the biochemical content of a high 

weight-bearing region (MFC), low weight-bearing location (LT) and non-weight-bearing location 

(PG).   

 

2.2 Rationale and hypothesis 

Determination of native properties of normal tissues is one of the main requirements for functional 

tissue engineering of cartilage. It is hypothesized that the mechanical and biochemical properties 

of articular cartilage from the patelar groove region will present variations among the different 

regions from the distal femur. 
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2.3 Materials and methods 

2.3.1 Study design 

a) In a first step, the mechanical properties of equine femorotibial joint (stifle) osteochondral cores 

were extracted from the five regions of the distal femur: Medial femoral condyle (MFC), lateral 

femoral condyle (LFC), medial trochlea (MT), lateral trochlea (LT) and patellar groove (PG). One 

random leg was selected for the harvesting of osteochondral cores (Figure 2.1). 

b) Three regions from the contralateral leg were used to harvest full-thickness cartilage (no 

subchondral bone) tissue (MFC, LT, PG) and then evaluate their biochemical properties.   
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Figure 2.1 Regions of the stifle joint of the horse. Non-weight bearing regions: Lateral trochlea 

(LT), patellar groove (PG) and medial trochlea (MT). Weight-bearing regions: Lateral condyle 

(LC) and medial condyle (MC).  
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2.3.2 Sample harvesting and preparation 

 

 2.3.2.1 Equine cadaver joint for cartilage collection 

 

Equine joints were procured from horses euthanized for reasons unrelated to this study 

(Supplementary data S2.1). Owner consent was obtained by the treating clinician permitting the 

use of the cadaver for teaching and research purposes. Samples procured post-mortem do not 

require an approved animal care utilization protocol and hence the cartilage collection adhered to 

institutional guidelines (Supplementary data S3.4). 

 

Osteochondral cores (~6.75 mm wide, 10 mm depth) were harvested from the femorotibial joint 

of 3 horses immediately after dissection. Osteochondral cores from one donor were unsuitable for 

mechanical testing and the cores were discarded. Extraction was performed with a tubular 

harvesting chisel, with a minimum separation of 10 mm between individual harvesting sites. 

Osteochondral cores were placed in cryovials containing 1.5 ml of phosphate buffered saline (PBS) 

and stored at 4oC overnight for extraction of mechanical properties. The animals ranged in age 

from 4 to 15 years. Cartilage samples for biochemical analysis were snap frozen in liquid nitrogen 

and stored at -80˚C. Tissues were digested in 80 µg/ml papain (Sigma-Aldrich; ON, Canada) for 

48 hours and then frozen at -20˚C.  

 

2.3.3 Determination of mechanical properties 

2.3.3.1 Thickness measurement and double indentation 

 A double indentation protocol was used to determine mechanical properties (Hayes et al. 1972; 

Jin and Lewis 2004) using a Mach-1TM mechanical tester (Biomomentum; QC, Canada). This 
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procedure was used to estimate the compressive modulus (E), shear modulus (G) and Poisson’s 

ratio (v) of osteochondral cores. Samples were set in the Mach-1 mechanical tester and secured in 

a jig with a sample holder (6-screws). For calculations of mechanical properties, the thickness (h) 

of the cartilaginous phase was first measured using a needle probe of one inch in length attached 

to the shaft. After contact, the needle was moved through the vertical axis into the tissue at a speed 

of 0.005 mm/s until a peak was registered by the Mach-1 (1 kg load-cell) Motion software. 

Thickness (h) was obtained from the minimum and maximum points from the resistance curve. 

Measurements of samples were repeated twice and corroborated with an electronic digital Vernier 

caliper. Double indentation tests were then carried out using two indenters of different sizes (0.92 

mm and 1.38 mm). The first indenter made contact at which point the load was zeroed, and then 

proceeded with displacement of 5% of the sample thickness (h) with a velocity of 0.05 mm/s. The 

acquisition rate was set at 100 Hz. The slope was defined as the linear region of the curve, 

determined by linear regression. After a 5 min rest period, this same procedure was repeated using 

the second indenter. Curve fitting to theoretical curves from finite element model was performed 

to calculate the compressive modulus (E) and shear modulus (G) by adjusting the Poisson’s ratio 

(v) (Jin and Lewis 2004). Samples were kept moist by application of PBS to the tissue surfaces 

between measurements. 

 

2.3.3.2 Equilibrium stress-strain properties 

The equilibrium stress-strain protocol through a series of unconfined compressions was adapted 

from previous work (Waldman et al. 2003a, 2004). The stress-strain curves equine samples were 

obtained by displacement-controlled tests using a flat indenter after compression in 5 steps at 

sequential increments of 2% of thickness (h) for a total displacement of 10% of cartilage thickness 
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(h). Recording of data was set with an acquisition rate of 100 Hz. Equilibrium was defined as a 

change in force less than 2 mN/min (Waldman et al. 2004). Stress at equilibrium was calculated 

from the applied load normalized by the cross-sectional area of the sample. Stress-strain curves 

were then obtained from the stress at equilibrium on each sequential step. The equilibrium modulus 

(Eeq) was then estimated from the entire slope of the stress-strain curves determined by linear 

regression (DiSilvestro, et al. 2001). 

 

2.3.4 Biochemistry 

Quantification of sulfated glycosaminoglycan (sGAG), DNA and hydroxyproline content was 

performed as previously described (Co et al. 2014). Briefly, sGAG content was determined by 

dimethylmethylene blue (DMMB) dye binding assay (absorbance at wavelength 525 nm). 

Chondroitin sulfate (Sigma-Aldrich; ON, Canada) was used to generate a standard curve. For 

collagen content, previously digested samples were hydrolyzed with 6N HCl at 110˚C for 18 h, 

then neutralized with NaOH. Samples and standards were incubated with 0.05 N chloramine T for 

20 min at room temperature, then with 3.15N perchloric acid for 5 min at RT and Ehlrich reagent 

for 20 min at 60˚C (absorbance at wavelength of 560 nm). A DNA quantitation kit (Sigma-Aldrich; 

ON, Canada) was used to estimate DNA content through fluorometry with the bisbenzimide H dye 

(excitation 358 nm, emission 458 nm). Results for sGAG and collagen were normalized to DNA 

content. All measurements and standard curves were performed in triplicates using a 

SpectraMaxTM i3 spectrophotometer.  
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2.3.5 Statistical analysis 

One-way ANOVA with Tukey’s multiple comparisons were performed to determine differences 

in biochemical content among joint regions. Kruskal-Wallis with Dunn’s multiple comparison was 

performed to test difference in mechanical properties to controls. Significance was assigned at p < 

0.05. GraphPad Prism 6 was used for all analysis.   
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2.4 Results 

 

2.4.1 Mechanical properties of equine stifle joints   

The average pooled thickness (h) of native articular cartilage for all five regions of the stifle joint 

was 1.95 mm + 0.58 (mean + SD) (N=2). The MFC and MT showed the highest and lowest 

thickness (2.27 + 1.00 mm and 1.45 + 0.46 mm respectively), with maximum and minimum 

thicknesses were of 2.98 mm and 1.13 mm (MFC and MT respectively) (Figure 2.2 (a)). The 

average pooled Poisson’s ratio (v) was 0.150 + 0.093 (mean + SD). LFC, LT and PG regions 

showed similar (v) values between them (0.137 + 0.117, 0.138 + 0.105 and 0.143 + 0.104), while 

the MFC and MT had (0.162 + 0.193 and 0.165 + 0.062) respectively (Figure 2.2 (b)). 

 

The MFC also presented the highest compressive modulus (E) and shear modulus (G) (1.78 + 1.07 

MPa and 0.74 + 0.34MPa respectively), while the PG showed the lowest for both parameters (0.81 

+ 0.15 MPa and 0.35 + 0.03MPa E and G respectively) (Figure 2.2 (c,d)). Differences were not 

statistically significant as the sample size for mechanical test evaluations were underpowered 

(N=2), neither by normalization of mechanical properties to their pooled means (Figure 2.2 (e-h)).     
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Figure 2.2 Mechanical properties of native articular cartilage based on the joint region, extracted 

by double indentation. a) thickness (h), b) Poisson’s ratio (v), c) compressive modulus (E), d) shear 

modulus (G), e) thickness (h) per region relative to pooled mean thickness (h) of the joint, f) 

Poisson’s ratio (v) per region relative to pooled mean Poisson’s ratio (v) of the joint. g) 

compressive modulus (E) per region relative to pooled compressive modulus (E) of the joint, and 

h) shear mouduls (G) per region relative to pooled shear modulus (G) of the joint. Error bars 

indicate SD. N=2, two locations within each region.  

 

 

 

 

. 
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Stress-strain curves (Figure 2.3 (a)) were plotted from unconfined compression tests as described 

in the methods section. The stress at equilibrium ranged from 1.76 kPa to 20.76 kPa when 

compressed at 10% of thickness (h) of the cartilaginous phase. The PG had the lower stress-strain 

values from all five regions. Excluding the LT, both condyles presented higher stress-strain values 

than the other regions (Figure 2.3 (b)). Similarly, the equilibrium modulus (Eeq) was highest for 

the MT and lowest for the PG (Figure 2.3 (c)). 
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Figure 2.3 Stress-strain of native articular cartilage based on region, obtained from unconfined 

compression (stress-relaxation tests, 2%-10%). a) stress-strain curves of all five regions; b) stress-

strain curves excluding the lateral trochlea region. Error bars for both femoral condyles are 

unidirectional to avoid overlapping; c) equilibrium modulus (Eeq) per joint region (entire slope). 

Error bars indicate SD. N=2, two locations within each region.  
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2.4.2 Biochemical content of cartilage of the stifle joint 

Collagen and sGAG content were measured and normalized to DNA content for the regions of 

interest (MFC, LT, and PG). No statistical difference was observed among the three regions neither 

for collagen to sGAG ratio (Figure 2.4 (a-c)) (N=3). However, by normalizing results to control 

sGAG and collagen (content obtained from a previous study; unpublished) (Supplementary data 

S2.2), the MFC revealed higher collagen relative to control, compared to both PG and LT (p < 

0.01 and p < 0.05 respectively). There was no difference between the PG and LT (Figure 2.4 (e)). 

In addition, no difference was detected for relative sGAG or collagen:GAG ratio among locations 

(Figure 2.4 (d,f)).         
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Figure 2.4 Biochemical content in the patellar groove, lateral trochlea and medial femoral condyle 

of articular cartilage from the stifle. a) GAG/DNA content, b) collagen/DNA content, c) collagen 

to GAG ratio, d) GAG/DNA normalized to control GAG/DNA, e) collagen/DNA normalized to 

control collagen/DNA, f) collagen to GAG ratio normalized to controls collagen/GAG. N=3, bars 

denote standard error (SEM). Bars sharing the same letter indicate no statistical difference.     
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2.5 Discussion 

2.5.1 Biomechanics of the horse stifle 

Data from mechanical tests suggest that the PG presents the lowest mechanical properties 

compared to the other four regions: compressive (E), equilibrium (Eeq) and shear (G) moduli, as 

well as (stress-strain). Conversely, the MFC exhibits the highest (E) and (G) compared to other 

regions.  

 

Curiously, the LT is the region that shows highest stress-strain and equilibrium modulus (Eeq), 

however, it does not show higher Poisson’s ratio (v) and thickness (h) compared to the other four 

regions, indicating that these parameters might not account to the observed higher compressive 

properties at equilibrium mentioned above (stress-strain and Eeq). One possibility might be a 

higher collagen/GAG ratio in this region; however, the design is underpowered to confirm it at the 

moment (Figure 2.4 (c,f)).  

 

After normalizing all parameters to the pooled mean (all five regions), the LFC, LT and MT had 

average (E) and (G) similar to their mean; while the MFC and PG had average (E) and (G) distant 

to the mean (Figure 2.2 (g,h)). This tendency for the MFC to exhibit higher relative (E) and (G) 

compared to their pooled mean and for the PG to show lower relative (E) and (G) is expected for 

weight bearing and non-weight bearing regions respectively; however additional donors are 

necessary to confirm these results. Articular cartilage thickness (h) at the MFC did not show to be 

higher than the pooled mean thickness of the joint. This is in line with reported observations that 
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thicker cartilage do not match with regions that sustain high loads (Palmer et al. 1994; Changoor 

et al. 2006).  

 

From the three regions evaluated for biochemical content (MFC, LT and PG) the MFC was the 

region with the highest collagen content relative to controls (p < 0.01). The collagen/GAG ratio 

was of 3.1/1.0, this is similar to the ranges of collagen/GAG ratio previously reported for articular 

cartilage of humans, pigs and rats (Chiu et al. 2017). Although the MFC contained higher relative 

collagen content than the LT and PG, we did not observe statistical difference in Poisson’s ratio 

(v) from measured samples. Higher collagen content and improved collagen network has been 

associated with lower (v) (Kelly et al. 2006), however the low number of biological donors did not 

allow to corroborate this association at present. 

 

Some of the mechanical properties for articular cartilage of the horse determined here have 

previously been estimated. Compressive properties obtained here are within the ranges reported in 

studies that evaluated different stifle joint regions (Changoor et al. 2006; White et al. 2021). 

However, to our knowledge this is the only study that estimates instantaneous response (E, G and 

v), as well as stress-relaxation properties from the stifle joint through double indentation and 

sequential unconfined compression (2% - 10%). Moreover, most studies characterize the fetlock 

(Murray et al. 1998, 1999; Brama et al. 2000; Sarin et al. 2016; Oinas et al. 2018), a joint that 

offers less inconvenience for harvesting osteochondral cores that are appropriate for double 

indentation testing, facilitating in obtaining a larger sample size.  
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A comparative study of mechanical characterization at the equine stifle joint was performed by 

Strauss et al. (Strauss et al. 2005), but it was limited to a single location adjacent to a cartilage 

lesion (compared to a remote area), and only evaluated instantaneous (Ey). Estimations of shear 

modulus (G) and % of compression were performed by Holland et al (Holland et al. 2014) through 

rheological tests, but the chosen locations were in three different sides of the tibia plateau. Lee et 

al (Lee et al. 2016) characterized the solid phase aggregate modulus (Ea), fluid fraction (F’) and 

hyperplastic constant (ɑ) from weight bearing areas (single location per sample) of stifles, fetlocks 

and carpal joints of horses ranging from 3 months to 24 years of age through indentation, and 

correlated these parameters to weight and breed. For analysis, they classified donors in groups by 

age and weight minimizing donor to donor variation addressing the age effect over mechanical 

properties of articular cartilage. The donors in this study were adult horses of 4, 7 and 15 years of 

age at the time of euthanasia, with the youngest being a trained racing horse (Supplementary data 

S2.1). The age, breed and history of horses are parameters that could have contributed to high 

variability in our analysis. 

 

Studies that characterize all five regions of the stifle here evaluated are very limited. Changoor et 

al. (Changoor et al. 2006) mapped the whole surface of the stifle joint but the cartilage properties 

measured were cartilage thickness (h), aggregate modulus (Ha) and sGAG. More recently White 

et al. (White et al. 2021) extracted and compared the aggregate modulus (Ha), shear modulus (G) 

and permeability (k) from the MFC, LFC, MT, LT, PG and patella; as well as biochemical content, 

water content and % of cellularity of both neonatal and adult horses. Contrary to our observations 

the researchers observed lower sGAG content in both the MFC and PG compared to the LT, while 

collagen content did not show statistical difference among regions. The stiffness at equilibrium 
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and shear modulus reported by this group were overall, lower to the results in our study. 

(Supplementary data S2.3). 

 

2.5.2 Limitations and Future Directions      

The biggest limitation of this study was the small sample size for both biochemical (N=3) and 

mechanical (N=2) analysis. Challenges to increase the sample size are: 1) the difficulty to harvest 

intact osteochondral cores suitable for double indentation, and 2) high donor to donor variability, 

especially when donor horses from the clinic have different backgrounds such as athletic history. 

Alternatives to circumvent these limitations include using harvesting tools of lower diameter and 

grouping donors in different categories based on age and level of physical activity. Future 

directions should focus on estimating permeability (k) and hydration (%), particularly for their 

influence over compressive properties at equilibrium, which could explain differences in stiffness 

for joint sites even if they contain similar sGAG content (Huey and Athanasiou 2011; 

Haudenschild et al. 2018).          

  

2.6 Conclusion 

The medial condyle shows the highest collagen content (N=3) and seems to posses the largest 

range of compressive (E) and shear (G) moduli, while the patellar groove showed the lowest range 

for these two mechanical parameters, as well as the stress-strain (2%-10%) for the donors 

evaluated (N=2). Additional donors and categorization should decrease variability for further 

analysis.    
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3 Generation And Characterization Of Equine MSC-derived 
Osteochodral Constructs 

This chapter is a modified version of the manuscript submitted to the Journal of 

Cartilage and Joint Preservation with the title: “Generation and characterization 

of equine stromal cell-derived osteochondral constructs”. 

 

3.1 Background 

In vitro tissue engineering of osteochondral implants is an attractive solution to circumvent 

limitations from marrow stimulation techniques or cell-based approaches. One method is by using 

a biocompatible material either as a scaffold or a substrate that permits the generation of 

neocartilage inside or on its surface respectively, while at the same time achieves integration to 

the surrounding osteochondral tissues. The use of calcium polyphosphate (CPP) ceramics 

(Grynpas et al. 2002; Pilliar et al. 2013) as subchondral bone substitutes upon which scaffold-free 

neocartilage can be generated has been previously explored with positive results (Waldman et al. 

2002; Lee et al. 2017b). These studies have relied on the use of chondrocytes cultured onto the 

substrate to create neocartilage. While this approach shows promising results as a potential 

treatment to focal cartilage defects, the reliance on chondrocyte isolation and subsequent 

expansion makes their use unrealistic for high scale production. MSCs can be used for cartilage 

tissue engineering as they can be cultured over few to several passages without major alterations 

to function, they are cryotolerant, and they can be easily induced to undergo chondrogenesis in 

vitro.  
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Previous attempts at direct MSC chondrogenesis on various substrates often resulted in undesired 

cell contraction (Lee et al. 2011). The phenomenon of cellular contraction has also been observed 

during other non-spherical chondrogenic culture conditions (Co et al. 2014), though to a lesser 

extent than that observed on the CPP. Cell contraction and the associated phenotype is a known 

antagonist of in vitro chondrogenesis in 3D culture (Johnstone et al. 1998; Rottmar et al. 2014). 

 

Here it was aimed to improve the protocol for CB-MSC-derived osteochondral constructs through 

a double-layering approach and characterize their mechanical properties. The mechanical 

compressive properties of the constructs at equilibrium were comparable to native articular 

cartilage at the medial trochlea and patellar groove regions from the femorotibial joint of the horse, 

as determined by stress-relaxation tests. 

 

3.2 Preliminary data 

In preliminary work, osteochondral plugs were generated from undifferentiated equine umbilical 

cord blood-derived MSCs and their matrix composition characterized, mRNA expression levels, 

and biochemical content of the engineered cartilage tissue (Lepage 2016). Through transient use 

of a ROCK inhibitor, cell contraction was reduced and generated equine MSC-derived neocartilage 

on top of a CPP bone substitute was possible (Figure 3.1).   
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Figure 3.1 Preliminary experiment to inhibit contraction of MSC-derived tissue after 

chondrogenic induction for 48 hours.  
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3.2.1 Inhibition of tissue contraction experiment 

Calcium polyphosphate (CPP) cylinders (4 mm wide by 2 mm high) were generated by gravity 

sintering calcium polyphosphate powders as previously described (Grynpas et al. 2002; Pilliar et 

al. 2013). CPPs were placed in Tygon tubing and autoclaved, then soaked in 1X tris buffered saline 

for at least 24 hours At the day of seeding, 1X tris buffer was removed and replaced with 1X 

phosphate-buffered saline (PBS) until the moment of seeding. CPPs were then divided into four 

groups: 1) Fibronectin coated group (fib), 2) Y-27632 ROCK inhibitor media supplemented group 

(ROCKi), 3) fibronectin coated + Y-27632 ROCK inhibitor group (fib + ROCKi) and 4) control 

group. The CPPs from the (fib) groups were coated in 10% fibronectin (Millipore; ON, Canada) 

in expansion medium for 1 h before seeding. MSCs at passage 5 were seeded on top of CPPs at a 

concentration of 1.5 x 106 cells in 40 µL of expansion medium with the addition of 10 µM Y-

27632 ROCK inhibitor (Sigma-Aldrich; ON, Canada) to the ROCKi groups (2 and 3). The 

following day, the expansion medium of all four groups was replaced by chondrogenic induction 

medium, also with addition of 10 µM Y-27632 ROCK inhibitor for groups (ROCKi) and (ROCKi 

+ fib), for 48 hours (Figure 3.1). The CPPs from the control group were not coated in fibronectin 

nor exposed to ROCKi. Cultures were visually examined after 48 h for tissue contraction 

(Supplementary data S3.1). 

 

3.2.2 ROCKi prevents MSC-derived tissue contraction  

In the absence of the ROCK inhibitor Y-27632 (ROCKi), all cell cultures contracted and 

effectively detached completely or near completely from the CPP (Supplementary Figure S3.1 

(a)), beginning as early as 24 hours following exposure to the chondrogenic induction medium 

(Day 2). In the presence of ROCKi, the contraction rate dropped to approximately 20%, and the 
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MSCs formed a uniform cell layer on the CPP (Supplementary Figure S3.1 (b)). The addition of a 

fibronectin coating to the CPP did not reduce contraction without the addition of ROCKi, nor did 

it appear to further reduce contraction when treated in combination with ROCKi (Supplementary 

data S3.1 (b)). 
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3.3 Rationale and hypothesis 

Tissue-engineered osteochondral implants with mechanical properties comparable to native joint 

tissues have been proposed as ideal treatments for focal cartilage defects. Cord-blood MSC (CB-

MSC) present advantages over other sources including BM-MSC and cord-tissue MSC such as 

requiring a non-invasive isolation method, high capacity for chondrogenesis, no evidence of 

producing hypertrophic neocartilage as well as immunomodulatory properties. As observed from 

results from the preliminary experiment “inhibition of tissue contraction” to seed CB-MSC directly 

on CPP substrates, the use of ROCKi (group b from Figure 3.1) achieved the best seeding 

conditions to prevent contraction and permit the formation of neocartilage on CPP. For 

determination of mechanical properties of MSC-derived constructs on CPP, further optimization 

of culture efficacy, neocartilage thickness and shape is necessary. Altogether, the need for 

improving efficacy, cartilage thickness, shape and measurement of mechanical properties were 

needed and tackled in this chapter.     

 

It was hypothesized that MSC-derived osteochondral constructs generated through transient use 

of ROCKi can be further improved by increasing neocartilage thickness through a double-layering 

approach. The mechanical compressive properties of the constructs at equilibrium will be 

comparable to native articular cartilage from the femorotibial joint of the horse.  
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3.4 Materials and methods 

3.4.1 Experimental design 

A series of experiments were performed in a stepwise manner to improve the reproducibility of 

the tissue engineering protocol and enhance the properties of the resulting cartilage tissue. We 

tested different seeding and culture conditions compared to a control group, with the control group 

being set as the best experimental condition chosen from the previous step. Constructs were 

macroscopically and histologically assessed at the end of every experiment (Figure 3.2). Groups 

and conditions were as listed in Table 3.1. Each condition group comprised 3 biological donors 

(N=3) with 3 technical replicates per donor (n=3). 
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Figure 3.2 General design of study. Each optimization step represents an experiment to achieve 

different characteristics. At the end of each experiment constructs were assessed, and best 

conditions were maintained for the next step. 
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Table 3.1 Experimental groups and conditions for this study. Experimental designs and groups per 

experiment. 1) Preliminary experiment to inhibit tissue contraction after 72h of MSCs seedings on 

CPP. 2) Preliminary histological, biochemical and mRNA characterization of constructs culture at 

three and six weeks. 3) Experiment to increase efficacy of neocartilage formation. 4) Experiment 

to achieve an even flat cartilage surface. 5) Experiments to achieve thicker neocartilage and 

perform mechanical characterization. 

Experiment Experimental groups and conditions 

1.- Inhibition of tissue contraction (Preliminary 

experiment) 
a) fibronectin  

b) ROCKi  

c) ROCKi + fibronectin  

d) No fib + No ROCKi 
2.- Preliminary characterization of scaffold-free 

MSC-derived biphasic constructs 
a) three-week culture   

b) six-week culture 
3.- Culture efficacy  a) control  

b) surface tension  

c) double ROCKi  

d) medium removal group 
4.- Flat surface  a) control  

b) cartilage “face-down” 
5.- Double layered cartilage a) double layered “face-down”  

b) double layered “face-up”  

c) control  
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3.4.2 Composition of culture media 

 

MSC expansion medium 

The expansion medium was prepared with low glucose (1.0g/L) Dulbecco’s Modified Eagle’s 

Medium (Wisent Bioproducts; QC, Canada), 10% fetal bovine serum (Sigma-Aldrich; ON, 

Canada), 10,000 U/ml penicillin-streptomycin (Sigma-Aldrich; ON, Canada), 5,000 U/ml L-

glutamine (Sigma-Aldrich; ON, Canada) and human fibroblast growth factor (1ng/L) (Sigma-

Aldrich; ON, Canada). 

 

Chondrogenic induction medium 

The chondrogenic induction medium consisted of high glucose (4.5g/L) DMEM (Wisent 

Bioproducts; QC, Canada), 200 mM Glutamax (Invitrogen; ON, Canada), 100 mM sodium 

pyruvate (Invitrogen; ON, Canada). 1X ABAM (Invitrogen; Burlington, ON, Canada), 40 mg/mL 

proline (Sigma-Aldrich; ON, Canada), 1X ITS+ Premix (Corning; NY, USA) and 100 nM 

dexamethasone (Sigma-Aldrich; ON, Canada). 100 mg/mL ascorbic acid-2 phosphate (Sigma-

Aldrich; ON, Canada) and 10 ng/mL transforming growth factor β3 (R&D Systems; Minneapolis, 

USA) were added fresh to the medium (Derfoul et al. 2006; Co et al. 2014). 

 

3.4.3 Equine MSC source and expansion 

MSCs were isolated from equine cord blood samples as described previously (Lepage et al. 2019a). 

For further cell expansion, cryopreserved vials of MSCs at passages 4 and 5 were thawed and 
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seeded in T175 flasks at a seeding density of 5000 cells/cm2 and cultured in expansion medium at 

38oC (normal horse temperature) in 21% O2, with complete medium changes every two days. 

When cultures reached 70%-80% confluency, cells were enzymatically harvested using 0.25% 

trypsin-EDTA and counted using an automated cell counter (Nucleocounter® NC100, Mandel; 

ON, Canada).        

 

3.4.4 Culture efficacy and flat neocartilage surface experiments 

3.4.4.1 Culture efficacy experiment  

Using the best conditions obtained from the previous experiment to prevent tissue contraction after 

48h (Figure 3.3), we improved the culture efficacy to obtain a 100% success rate after 28 days of 

culture. Success rate was defined as a complete cartilage sheet attached to the surface of the CPP.  

 

To increase the efficiency of CB-MSC-derived constructs four culture conditions were tested. The 

conditions are described as follows: 1) Control: Seeding and culture conditions were the same as 

described in the “inhibition of tissue contraction” (Figure 3.1 & Table 3.1 (group b)). Surface 

tension: CPPs were maintained in 1X tris-buffered saline and exchanged to 1X PBS as described 

above in the “inhibition of tissue contraction” (section 3.2.1). In addition, the CPP surface was 

maintained soaked and MSCs were seeded within a one-minute window, in order to reduce dry-

out of the substrate and prevent MSC leakage through the CPP. Cell density and all other 

conditions were as described in the “inhibition of tissue contraction”. 3) Double ROCKi: In this 

group, 20 µM of Y-27632 ROCK inhibitor were used for the initial 72 hours after MSC seeding. 

All other conditions were as described in the “inhibition of tissue contraction”. 4) Medium 
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removal: Seeding and culture conditions were as described in the “inhibition of tissue contraction” 

for the initial 72 hours. Then, during medium exchange, chondrogenic induction medium was 

removed from the interior of the Tygon tube in addition to all the medium in the well. Fresh 

chondrogenic medium was poured inside the tube (40 µl) and outside of the tube (1.50 ml) in the 

24-well plate, this with the purpose of removing old medium. These medium exchange steps 

continued until the constructs were released from their Tygon tubes (Figure 3.3).  

 

 

Figure 3.3 Design for experiment to improve culture efficacy: a) control group, b) surface tension 

group, c) double ROCKi group, d) medium removal group. N=3 cell populations, n=3 replicates  
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3.4.4.2 Flat surface experiment  

As constructs with uneven surface were not suitable for mechanical testing, we modified the 

protocol to attain a flat neocartilage surface. MSCs were seeded following the best conditions 

(medium removal and surface tension conditions) from the Culture efficacy experiment. After one 

week of initial seeding, constructs were released from their tubing and placed upside down 

(cartilage “facing down”) in the plastic well. A control group consisted in the constructs being 

placed in the well with the cartilage “facing up”. Chondrogenic medium was completely 

exchanged every other day for 3 additional weeks (Figure 3.4).      
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Figure 3.4 Design for the experiment to achieve a flat surface shape: a) control group, b) face-

down group. N=3 cell populations, n=3 technical replicates. 
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3.4.5 Double-layered cartilage experiments 

MSCs were seeded and chondrogenically differentiated on top of CPP substrates, while MSCs 

(from the same cell population) were simultaneously being expanded until 80% confluency (3-4 

days), trypsinized, counted and then seeded on top of the previously seeded cell layer. The seeding 

conditions were the same for both layers, with the only difference being passage number for the 

second layer during seeding. Chondrogenic induction medium was removed from the culture when 

seeding the second MSC layer and replaced with expansion medium + 10 µM of Y-27632 ROCKi 

for 24 hours and then replaced once again with chondrogenic induction medium + 10 µM of Y-

27632 ROCKi for 48 hours. This was done with the purpose of maintaining the same seeding 

conditions used to seed the first layer. After 72 hours of seeding the second layer, chondrogenic 

medium containing 10 µM ROCKi was removed and replaced with regular chondrogenic medium. 

Cultures were maintained and released from their Tygon tubes at day 7 after seeding of the second 

layer. Then, double-layered constructs were inverted with the cartilage phase on the bottom after 

being released from their Tygon tubes (double-layer “face down”). A second group containing 

double-layered cartilage without inverting constructs was also tested (double-layer “face up”). The 

control group (single layer) consisted of constructs with the conditions from the previous 

experiment (Flat surface). All cultures were terminated 4 weeks after seeding of the second layer 

(Figure 3.5). 
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Figure 3.5 Design for experiment to increase neocartilage thickness. a) double-layer “face-down” 

group, b) double-layered “face-up”, c) control group. N=3 cell populations; n=3 technical 

replicates. 
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3.4.6 Wet mass and Macroscopic Examination 

Constructs were washed in 1X PBS, weighed twice in a Secura ® Analytical Balance (Sartorious) 

and their images obtained with a Zeiss Semi 200-C stereo microscope. Images were processed on 

ImageJ 1.52a Image Processing and Analysis software (NIH, USA) for measurement of cartilage 

thickness.   

 

3.4.7 Histology and Immunohistochemistry 

Tissue engineered cartilage was separated from the CPP substrates with a scalpel, fixed for 24 h 

in 10% neutral buffered formalin and dehydrated with 70% ethanol for 24 h. Tissues were further 

dehydrated, cleared in xylene and infiltrated with paraffin wax using an automated tissue processor 

(Fisher Scientific; MA, USA), embedded in paraffin blocks and sectioned in a rotary microtome 

(Shandon Finese ME+, Fisher Scientific). Five µm sections were deparaffinized and rehydrated. 

Hematoxylin and eosin (H&E) and toluidine blue staining was used for visualization of overall 

tissue structure, and presence of glycosaminoglycan (GAG) and mineralization. 

Immunohistochemical staining (IHC) was performed using antibodies reactive with type-I or type-

II collagen as previously described using mouse anti-type I collagen (Calbiochem, Cat#CA60801-

158) or mouse anti-type II collagen (Developmental Studies Hybridoma Bank, Iowa, USA, Cat#II-

II6B3). Immunoreactivity was detected using HRP-conjugated goat anti-mouse and DAB 

chromogen (DAKO; ON, Canada) for color development, then counterstaining with hematoxylin 

(Co et al. 2014). Cell viability (live/dead) images were obtained through co-staining and incubation 

with SYTO 13 and propidium iodide (PI) as described by Crisol et al (Crisol et al. 2020). A 

DeadEndTM Fluorometric terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

system (Promega; WI, USA) kit was used to detect cells undergoing apoptosis, following the 
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specifications from the manufacturer. Samples incubated without PI or rTdT (viability and 

apoptosis assays respectively) were used as controls. Fluorescent images were obtained and stored 

using an Olympus laser confocal microscope FV1000D. Brightness of fluorescent images was 

digitally auto-balanced using ImageJ 1.52a Image Processing and Analysis software (NIH, USA). 

 

3.4.8 Thickness measurement and double indentation  

A double indentation protocol was used to extract mechanical properties (Hayes et al. 1972; Jin 

and Lewis 2004). using a Mach-1TM mechanical tester (Biomomentum; QC, Canada). This 

procedure was used to estimate the compressive modulus (E), shear modulus (G) and Poisson’s 

ratio (v) of constructs. For calculations of mechanical properties, the thickness (h) of the 

cartilaginous phase was first measured using a needle probe of one inch in length attached to the 

shaft (Supplementary data S3.3). After contact, the needle was moved through the vertical axis 

into the tissue at a speed of 0.005 mm/s until a peak was registered by the Mach-1 (1 kg load-cell) 

Motion software. Thickness (h) was obtained from the minimum and maximum points from the 

resistance curve. Measurements of samples were repeated twice and corroborated with an 

electronic digital Vernier caliper. Double indentation tests were then carried out using two 

indenters of different sizes (0.92 mm and 1.38 mm). The first indenter made contact at which point 

the load was zeroed, and then proceeded with displacement of 5% of the sample thickness (h) with 

a velocity of 0.05 mm/s. The acquisition rate was set at 100 Hz. The slope was defined as the linear 

region of the curve, determined by linear regression. After a 5 min rest period, this same procedure 

was repeated using the second indenter. Curve fitting to theoretical curves from finite element 

model was performed to calculate the compressive modulus (E) and shear modulus (G) by 
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adjusting the Poisson’s ratio (v) (Jin and Lewis 2004). Samples were kept moist by application of 

PBS to the tissue surfaces between measurements. 

 

3.4.9 Equilibrium stress-strain properties 

The equilibrium stress-strain protocol through a series of unconfined compressions was adapted 

from previous work (Waldman et al. 2002, 2003a). The stress-strain curves from engineered 

constructs were obtained by displacement-controlled tests using a flat indenter after compression 

in 5 steps at sequential increments of 2% of thickness (h) for a total displacement of 10% of 

cartilage thickness (h). Recording of data was set with an acquisition rate of 100 Hz. Equilibrium 

was defined as a change in force less than 2 mN/min (Waldman et al. 2003a, 2004). Stress at 

equilibrium was calculated from the applied load normalized by the cross-sectional area of the 

sample. Stress-strain curves were then obtained from the stress at equilibrium on each sequential 

step. The equilibrium modulus (Eeq) was then estimated from the entire slope of the stress-strain 

curves determined by linear regression (DiSilvestro, et al. 2001). 

 

3.4.10 Native articular cartilage 

For extraction of mechanical properties of equine native articular cartilage, osteochondral cores 

(~6.75 mm wide, 10 mm height) were harvested from the femorotibial joint immediately after 

dissection. Extraction was performed with a tubular harvesting chisel, with a minimum separation 

of 10 mm between individual harvesting sites. Osteochondral cores were placed in cryovials 

containing 1.5 ml of phosphate buffered saline (PBS) and stored at 4oC overnight. During 

mechanical testing, samples were kept moist by adding a few drops of PBS between 
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measurements. Approval and guidelines information for collection of animal samples are 

described in supplementary data (Supplementary Figure S3.4). 

 

3.4.11 Statistical analysis 

One-way ANOVAs with Bonferroni post-hoc tests were performed to determine differences 

among groups in wet mass and cartilage thickness (N=3 cell populations, and n=3 replicates per 

cell population for all experiments). GraphPad Prism 6 was used for all analyses. Significance was 

assigned at p<0.05.   
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3.5 Results 

 

3.5.1 Improvements of MSC derived osteochondral constructs  

After achieving inhibition of contraction and characterizing the MSC-derived cartilage grown after 

three and six weeks, four conditions were tested to increase the culture efficacy of generating 

neocartilage completely formed and attached to the CPP substrates at the end of culture (Figure 

3.3). After we obtained 100% efficacy, we further tested and optimized our protocol as described 

in the methods section to obtain constructs with a flat neocartilage surface compared to control 

groups (Figure 3.4).  

 

From the four seeding conditions of the culture efficacy experiments, the “surface tension” and 

“medium removal” groups both achieved 100% of culture success (all replicates formed a 

neocartilage layer) followed by the double-ROCKi group (75%), while the control group resulted 

in 42.8% of success. Wet weight showed no difference between seeding conditions (p = 0.99) 

(Figure 3.6 (a)). Conditions for the “surface tension” and “medium removal” groups were then 

selected and maintained for further cultures unless otherwise indicated (Figure 3.6 (a)). 

Macroscopic examination revealed that by modifying the construct orientation after removing 

Tygon tubings resulted in constructs with an even flat cartilage surface. In contrast, all control 

constructs exhibited uneven surfaces (Figure 3.6 (b)). There was no difference in the wet masses 

of neocartilage cultured with the conditions for a flat surface (18.42 mg + 5.23 mg) compared to 

control cultures (p=0.33). 

 



 
 

72 
 

 

Figure 3.6 Results from optimization of culture efficacy for MSC-derived osteochondral 

constructs and neocartilage surface shape experiments. a) wet weight and success rates, N=3, cell 

populations, 3 replicates per condition.  b) macroscopic images (top row) and toluidine blue stain 

images (bottom row).  
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3.5.2 Engineered cartilage thickness and tissue distribution is modified by 
seeding in layers   

Next, we evaluated whether our scaffold-free osteochondral constructs could be tuned to form 

thicker cartilage as well as induce zones of cell and matrix distribution within the generated tissue. 

With that purpose, we chondrogenically induced MSCs in separate layers on top of CPP substrates.   

 

Macroscopic examination of constructs from the groups seeded with two MSC layers (face down 

and face up), showed higher cartilage thickness (0.86 mm and 1.16 mm, respectively) compared 

to constructs with only one layer (0.30 mm) (N=3; p=0.04 and p<0.01, respectively) when 

measured with ImageJ software (Figure 3.7 (b)). Double-layered constructs also revealed variation 

in cartilage surface shape (dome-shaped or flat-shaped) depending on the orientation in which the 

cartilage layer was facing (up or down on the surface of the culture plate). Double-layered 

constructs with the cartilage “facing down” showed a flat-shaped surface, consistent with single-

layer “facing down” from the flat surface experiments (Figure 3.4). However, no difference in 

thickness was found for double-layered constructs regardless of their cartilage face orientation 

(p=0.32) (Figure 3.7 (b)).  
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Figure 3.7 Macroscopic appearance, neocartilage thickness and histological sections for double 

layered constructs. a) Comparison of macroscopic appearance of MSC-derived osteochondral 

constructs, cultured with the single layer condition (control), double layered face-up and double 

layered face-down conditions; 28 days of chondrogenesis. b) No difference on wet weight among 

groups. Thickness of single layered constructs was lower than both double layered groups (p=0.04, 

p<0.01). Data presented as mean + SE. N=3. Bars sharing the same letter indicate no statistical 

difference. 
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Interestingly, after histological observation of tissue morphology and staining intensities, tissue 

sections revealed less uniform distribution of tissue morphology within double-layered 

neocartilage cultured with the “face down” conditions compared to double-layered “face up”. 

These discrepancies in tissue morphology were distributed in what appears to be zones within 

engineered neocartilage. Toluidine blue staining revealed the presence of proteoglycans in all 

constructs, however staining intensities varied between these zones (Figure 3.8). 

 

Overall, qualitative analysis of TUNEL (Figure 3.9 (a)) and live/dead stains (Figure 3.9 (b)) did 

not reveal extensive presence of apoptotic (dUTP) or dead (PI) positive cells within double-layered 

tissues. However, the presence of apoptotic and dead cells may be higher in these groups compared 

to single layer neocartilage for both stains (Figure 3.10 (b,c)), however additional work is needed 

to confirm this.          

    

 



 
 

76 
 

 

Figure 3.8 Histological examination of double layered neocartilage. Stratigraphic zones with 

variations in ECM and cell morphologies are observed in a depth dependant manner. Lines divide 

regions of histological variability; asterisk indicates superficial face.  
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Figure 3.9 (a) Double-layered constructs (face-down) imaged for TUNEL stain. Cross sectional 

images at 20x, and 60x of magnification; DAPI labeled cells are stained in blue (left column), 

dUTP positive cells (apoptotic) are stained in green (right column). Asterisk indicates folding of 

tissue. 
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Figure 3.9 (b) Live/dead stain for double-layered constructs, top view images at 10x and 120x of 

magnification; Negative control stained a single layered tissue (top row). .Live cells are stained in 

green (left column), dead cells are stained in red (middle column), overlayed live/dead cells show 

both green and red cells (right column). 
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Figure 3.10 Representative images for live/dead and TUNEL stains. a) z-stacked images of the 

deep region of double-layered (face down) neocartilage. Square denotes enlarged area at the 120x 

magnification. 

Continues on the next page 
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Figure 3.10 b) Comparison of single layer and double-layered (face down) sections with TUNEL 

(cross-section).  

 

 

 

 

 

 

 

 

Continues on the next page 
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Figure 3.10 C) Comparison of single layer and double-layered (face down) sections (10x 

magnification) with live/dead stains. Arrows and highlighted areas shown cells stained positive 

to both dUTP and PI markers. Negative control samples (40x magnification) were incubated with 

PBS. 
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3.5.3 Mechanical properties of the MSC-derived osteochondral constructs  

The average thickness (h) of initial single layered neocartilage, was 0.30 + 0.03 mm (mean + SD). 

Their uneven surface and low thickness made it impossible to measure their mechanical properties 

through double indentation. After increasing the cartilage thickness (0.86 + 0.13 mm; mean + SD) 

and achieving a flat surface for our produced neocartilage, mechanical properties were successfully 

extracted. Stress-strain curves (Figure 3.11) were plotted from unconfined compression tests as 

described in the methods section. The stress at equilibrium of constructs ranged from 1.11 kPa to 

2.10 kPa when compressed at 2% to 10% of thickness (h) of the cartilaginous phase. The Poisson’s 

ratio (v), shear modulus (G) and compressive modulus (E) were below the values of native 

femorotibial joint articular cartilage (Table 3.2). 
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Figure 3.11 Stress-strain curves extracted from MSC-derived cartilage on top of CPP (double-

layered face down) (N=4) after unconfined compression at 2% to 10% of neocartilage thickness. 

a) MSC-derived cartilage compared to native articular cartilage (N=2). b) MSC-derived cartilage 

compared to the curves from the medial trochlea and patellar groove regions of the joint (N=2). 

Two technical replicates per group. Values represent mean + SE. 
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TABLE 3.2 

 

Mechanical properties extracted by needle probe (h), double indentation (v, E and G) and unconfined 

compression stress-relaxation (equilibrium modulus) tests. All measurements were performed twice. 

Values represent the mean + standard deviation. MSC-derived cartilage: N = 4, native articular cartilage: 

N = 2. 

a Obtained from native equine osteochondral cores (6.75 mm in diameter) of five different regions 

of the femorotibial joint. Two osteochondral cores from each region were harvested and measured 

twice. Results are pooled from all samples.  

 

 

 

 

 

 

 

 



 
 

85 
 

3.6 Discussion 

 

Osteochondral implants are a potential treatment for full-thickness articular cartilage defects 

and/or subchondral bone cysts but can be difficult to procure autologously or allogeneically. 

Previous studies have reported on the generation of tissue-engineered osteochondral grafts as an 

alternative to allografts, however they often use chondrocytes and/or acellular scaffolds, both of 

which carry significant limitations (Kandel et al. 2006; Sutherland et al. 2015; Vindas Bolaños et 

al. 2017; Korthagen et al. 2019). In this study, we generated scaffold-free, equine MSC-derived 

cartilage on top of calcium polyphosphate (CPP) bone substitutes to create tissue-engineered 

osteochondral constructs. Functionally, our engineered constructs demonstrated similar stress-

strain responses to that of the patellar groove from normal equine femorotibial joints. Our method 

capitalizes on the proliferative properties of equine cord blood-derived MSCs, expanding them in 

vitro ahead of inducing them to form cartilage tissue directly on top of a bone substitute. By using 

MSCs with high chondrogenic potential, this protocol avoids the need to extract chondrocytes and 

expand them in vitro to sufficient cell numbers, which often results in their dedifferentiation and 

reduced functionality (Schulze-Tanzil 2009).  

 

Previous attempts at direct MSC chondrogenesis on various substrates often resulted in undesired 

cell contraction (Lee et al. 2011). A contractile phenotype is not conducive to chondrogenesis 

(Rottmar et al. 2014), and thus a balance must be met to ensure adequate cell communication 

without initiating cell structural changes. The phenomenon of cellular contraction has also been 

observed during other non-spherical chondrogenic culture conditions (Co et al. 2014), though to a 

lesser extent than that observed on the CPP. Cell contraction, and the associated contractile 
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phenotype, is a known antagonist of in vitro chondrogenesis in 3D culture (Johnstone et al. 1998; 

Rottmar et al. 2014). In preliminary experiments, a brief addition of ROCK inhibitor Y-27632 

(ROCKi) to MSCs seeded directly on CPP (for the first 72 hours of culture) greatly reduced cell 

contraction on the bone substrate. This permitted the sustained culture of a uniformly attached 

multi-layered cell sheet, where the high cell density within the confines of the CPP and surrounding 

Tygon tubing presumably promoted increased cell-to-cell contact and chondrogenic signaling. 

ROCKi acts by preventing phosphorylation of the myosin light chain (Riento and Ridley 2003), 

thereby preventing cell contraction. At present it is unknown if prolonged exposure to ROCKi 

(>72 hours) would significantly improve or diminish tissue quality on CPP. Inhibition of ROCK 

in chondrocytes has been shown to increase Sox9 gene expression (Woods et al. 2005). However, 

this may only occur in monolayer culture, as increased expression of Sox9 target genes was not 

found in chondrocyte pellet culture (Woods and Beier 2006). No obvious differences in terms of 

histology or immunohistochemistry were seen in membrane culture tissues when ROCKi was 

supplemented for 2 weeks versus 48 hours (data not shown). As a result, it is expected that brief 

exposure to ROCKi did not significantly diminish the chondrogenic induction in our CPP cultures. 

 

From preliminary characterizations (Supplementary data S3.2), MSC-derived cartilage on a CPP 

substrate had collagen content with only 25% of native cartilage values. Other studies exploring 

varying cell seeding densities demonstrated that total collagen levels do not seem to differ amongst 

higher seeding densities (Erickson et al. 2012); MSC-derived cartilage generated on CPP showed 

higher GAG content than collagen, although these values were still lower than observed in equine 

native cartilage. Early and perhaps excessive deposition of GAG may interfere with collagen 

secretion, and is also speculated to result in inferior tissue mechanical properties (Responte et al. 
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2007). While varying growth factor supplementation and dynamic mechanical stimulation has 

been shown to improve matrix component synthesis, deposition, distribution, and ultimately 

tensile strength (Hu and Athanasiou 2006; Jenniskens et al. 2006), collagen accumulation is a 

widely recognized pitfall of tissue-engineered cartilage where typically, type-II collagen content 

accumulation is <40% compared to native levels (Miot et al. 2006; Adam Whitney et al. 2018). 

However we have observed that collagen content can increase in the bioengineered tissue post 

implantation in a sheep model (Kandel et al. 2006). 

 

In addition to producing matrix components, MSCs are expected to display a chondrogenic 

phenotype after induction that should persist for extended in vitro culture and eventual tissue 

implantation. Results from our preliminary characterization show that there is a significant 

upregulation of Col1a2 in both 3-week and 6-week tissues and of Col2a1 in 6-week tissues as 

compared to primary chondrocytes.  

 

Col1a2 is associated with the dedifferentiation of chondrocytes and loss of the chondrocytic 

phenotype. Increased expression of Col1a2 has been reported in high density MSC micromass 

cultures during in vitro differentiation (Tallheden et al. 2004). Absolute transcript levels of Col2a1 

were higher than in MSCs, potentially indicating that type-II collagen may be the predominant 

collagen being produced in our constructs, however further study is required to confirm this.  

ACAN expression, another marker of hyaline cartilage, also was increased with differentiation; this 

is consistent with what other groups reported (Huang et al. 2009; Buxton et al. 2011). Curiously, 

Sox9 expression was lower in MSC-derived cartilage compared to primary chondrocytes, 
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consistent with observations of decreased expression of this factor at day 21 post-induction in 

equine MSC micromass culture (Buechli et al. 2013). The osteogenic marker Runx2 showed 

increased levels at a later timepoint compared to primary chondrocytes, possibly due to the 

observed low levels of Sox9, which acts as a repressor of Runx2 (Yamashita et al. 2009). 

 

In order to test the mechanical properties of the tissue engineered constructs, we refined our 

protocol to generate thicker neocartilage with an even surface by seeding an additional layer of 

MSCs (double-layered). The pooled average thickness observed in our double-layered constructs 

(0.95 mm) was similar to the thicknesses of other CPP-constructs generated from primary 

chondrocytes (0.50 mm - 0.94 mm) (Waldman et al. 2002, 2003a; Kandel et al. 2006). The 

neocartilage reported in our study achieved a maximum thickness of 1.79 mm (native equine 

cartilage at the femorotibial joint ranges from 1.28 mm to 2.26 mm) (Changoor et al. 2006). While 

we were unable to reach cartilage tissue thickness of equine stifle cartilage, double-layered 

constructs (cultured face down) were capable of undergoing mechanical testing, whereas first 

generation single-layer constructs and even double-layered face up constructs were unsuitable. 

 

The biomechanical properties of the double-layered face down constructs were compared to native 

osteochondral plugs derived from 5 regions within an adult equine femorotibial joint. While the 

thickness, Poisson’s ratio, compressive modulus (E), shear modulus (G), and equilibrium modulus 

values from MSC-derived cartilage were lower than the pooled values of native cartilage samples, 

stress at equilibrium was comparable between MSC-derived cartilage and native cartilage samples 

from the medial trochlea and patellar groove. However, these values were lower than more weight-
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bearing regions of the joint (lateral femoral condyle, and medial femoral condyle). It remains 

possible, however, that engineered implants can reach native-like thickness and increased 

compressive properties in the in vivo environment, as observed (3-6 months post surgery) in CPP-

osteochondral constructs implanted in the sheep model (Kandel et al. 2006). Compared to non-

conditioned in vitro osteochondral constructs, our double-layered MSC-derived constructs 

achieved higher compressive modulus than scaffold-free biphasic bovine chondrocyte-CPP 

osteochondral constructs (Waldman et al. 2002), hydrogel constructs (O’Conor et al. 2014; Parmar 

et al. 2017) including alginate hydrogels reinforced with 3D printed fibre-reinforced networks 

(Critchley et al. 2020) and similar stress at equilibrium than scaffold-free ovine chondrocyte-CPP 

osteochondral constructs previous to implantation (Kandel et al. 2006), however compressive 

modulus is lower than decellularized chondrocyte-alginate scaffolds (Nie et al. 2020).      

 

Histologically, double-layered neocartilage did not show variations in the presence of type-I and 

type-II collagens within tissues, however, we did observe regional variability in chondrocyte 

morphology and ECM intensity histologically when stained for proteoglycans and H&E. 

Interestingly, these differences were observed in a depth-dependent manner when cultured in two 

layers and by changing construct orientation (face down) (Figure 3.8). This histological 

distribution observed in our constructs appears to be influenced by both the number of seeding 

events and mechanical pressure from the CPP substrate over neocartilage when cultured “facing 

down” that was used to maintain a flat neocartilage surface.  

The differences in staining intensities between the top and deep regions of our neocartilage 

cultured with a “cartilage face down” orientation could indicate lower matrix content, perhaps due 

to constant mechanical load from the CPP substrate on top of the tissue. Indeed, static compressive 
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load has been associated with inhibition of matrix synthesis, decreased release of proteoglycans 

and increase of metalloprotease activity (Sah et al. 1990; Sharma et al. 2007). Moreover, our 

osteochondral constructs were all grown in static culture, which could prevent efficient distribution 

of differentiating cells within the growing ECM, thus resulting in occasional cell-free or highly 

aggregated areas (Figures 3.12). This is consistent with results observed by Woodfield and 

colleagues (Woodfield et al. 2005) when comparing static against dynamic culture. It is unclear if 

these events took place as we did not evaluate anabolic and catabolic profiles among groups or 

between neocartilage layers within constructs. Upon examination of the deeper region of our 

double-layered neocartilage, we observed chondrocytes with atypical morphologies such as 

hyperchromatic and binucleated (Figure 3.12 (a)). 
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Figure 3.12 a) Atypical cell morphologies and ECM staining observed for some double-layered 

constructs (face down). High cellularity and pleomorphic neocartilage can be observed in the deep 

region (left column). Binucleated and hyperchromatic cells (arrows) can occasionally be observed 

(right row).  
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Figure 3.12 b) Immunohistochemistry staining for type-I and type-II collagens of representative 

sections of double-layered neocartilage on CPP. No obvious variations in staining intensity for 

type-II collagen can be observed (upper row). Some sections show slight decrease of intensity for 

type-I collagen in deeper regions (bottom row, left column). 
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Live/dead imaging showed that our neocartilage was comprised mostly of viable chondrocytes 

with minor presence of PI positive cells (not viable) for both single and double-layered 

neocartilage (Figure 3.9 (b)). Double-layered neocartilage showed a higher number of depth-

dependent PI positive cells compared to single-layered (Figure 3.10). Similarly, we detected a low 

number of TUNEL positive cells (apoptotic) in both single and double-layered neocartilage, 

although they seemed to be more present in specific regions of double-layered tissues compared 

to single-layered (Figure 3.10 (b)). These results for TUNEL and live/dead imaging did not have 

sufficient statistical power, thus future work is needed to quantify differences between groups. 

However, the low presence of PI cells did not suggest that the double-layering approach had 

produced non-viable or necrotic tissues.  

 

Nevertheless, additional comparative studies should help confirm whether the atypical cartilage is 

indicative of an immature stage rather than pathological. One possibility is that seeding an 

additional layer of MSCs in combination with confinement within Tygon tubing prevented 

adequate nutrient diffusion from top to bottom into the previously seeded MSCs (already in 

chondrogenesis) during the first week of culture (Figure 3.5). Nutrient deprivation, constant 

physical pressure, and variations of oxygen and medium components when seeding additional 

layers could affect viability and overall phenotype of the initial cell layer (Potier et al. 2007; Oliva 

et al. 2019).  

 

Although a few studies have achieved neocartilage with biomimetic zonal organization, scaffold-

free neocartilage commonly lacks zonal organization due to an inappropriate 3D environment. To 
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produce neocartilage in a suitable 3D environment without using any exogenous scaffolds, tissue 

engineered constructs have been developed from undifferentiated MSC using combinations of 

ascorbic acid, fibronectin and dyhydrocytochalasin B (Yasui et al. 2016). Arrangement of zonal 

distribution and zone-specific chondrocyte turnover of in vitro cartilage has been obtained by other 

groups via stimuli such as osmotic (Takada and Mizuno 2018) and mechanical pressure (Park et 

al. 2018), or by using scaffolds with pore-size gradients, hydrogels with controlled degradation 

rates, as well as isolating chondrocytes from specific cartilage zones (Bryant and Anseth 2003; 

Kim et al. 2003; Woodfield et al. 2005). As such, attempts to generate neocartilage with 

biomimetic zones have been often explored in scaffold-based or matrix-based approaches (Klein 

et al. 2009). 

 

The consideration of the osteochondral unit “as a whole” has been recognized as a target for 

treatment of focal cartilage defects and restoration of joint function in both disease model and in 

the clinic. The intimate relationship between the hyaline cartilage, calcified cartilage and 

subchondral bone results in a cross-talk (Goldring and Goldring 2016) that drives a significant 

amount of pathophysiological events in the joint, thus influencing assessment of joint pain and 

function. In addition, cartilage damage and loss has been associated with subchondral bone 

remodeling and exposure (Lajeunesse and Reboul 2003; Moisio et al. 2009), increased 

angiogenesis (Suri et al. 2007), number of nociceptors (Aso et al. 2016), and size of neurons 

(Walsh et al. 2010). All these events result in irreversible damage to the subchondral bone, which 

in turn promotes degradation of overlying regenerated cartilage (Qui et al. 2003; Minas et al. 2009). 

Therefore, previous efforts in regeneration of cartilage do not reflect on reduction of pain as the 

entire osteochondral unit has already been compromised. It is clear then that structural integrity of 
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the osteochondral unit must be preserved to achieve healthy regeneration of cartilage and 

restoration of joint function. 

 

This study is limited by the lack of thorough evaluation between cell layers of the double-layered 

constructs and lack of establishment of a calcified zone of integration between the neocartilage 

and the CPP. Further studies are needed to assess the full extent of layering on MSC-derived 

cartilage over chondrocyte turnover, phenotype, and metabolic activity. In addition, exploring the 

generation of a calcified neocartilage-CPP interface, dynamic vs. static culture, and intermittent 

mechanical stimulation seem the next logical steps for equine MSC-derived neocartilage on top of 

bone substitutes.   
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3.7 Conclusion 

 

The ideal osteochondral construct for use as tissue replacement for focal defects must comprise a 

bone substitute with adequate porosity, a calcified layer that penetrates into the substrate 

preventing delamination, and neocartilage with properties close to native cartilage that also 

achieves biomimetic zonal distribution. In this study, we produced and characterized scaffold-free 

osteochondral constructs with neocartilage generated from equine MSCs on top of CPP as a bone 

substitute. The transient use of ROCKi allowed direct cell seeding onto the CPP and prevented 

contraction. Instantaneous mechanical properties of osteochondral constructs were lower than 

native equine joint tissues; however, stress-strain was comparable to some regions from the native 

joint when compressed in sequential steps. The double-layered neocartilage showed histological 

variation. At present, further studies must be done to establish adequate cell densities, growth 

factors and stimuli necessary for the different layers. The possibility of seeding in layers to 

potentially induce desirable organization of chondrocytes and ECM of tissue-engineered 

osteochondral constructs has promising potential. Finally, specific stimuli such as mechanical 

stimulation and hormonal signaling during MSC chondrogenesis at a controlled concentration and 

time of exposure may allow for selective increase of type-II collagen, help to define zones of 

chondrocyte and ECM distribution, and produce a calcified cartilage at the CPP-cartilage 

interphase.  
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4 Enhancing Equine MSC-Derived Neocartilage Through 
Chemical Activation of TRPV4 Channel 

This chapter is a modified version of the article titled: “TRPV4 Activation Enhances 

Compressive Properties and Glycosaminoglycan Deposition of MSC-derived 

Cartilage” submitted to Osteoarthritis and Cartilage. 

 

4.1 Introduction 

Chemical stimulation of mechanotransductive signalling can target chondrogenic and mechano-

responsive pathways to enhance cartilage quality and function. Ion channels in chondrocytes have 

been identified to be key components of mechanotransduction. There is evidence that activation 

of TRPV4 during in vitro chondrogenesis or tenogenesis upregulates ECM anabolic genes while 

decreases catabolic related genes (O’Conor et al. 2014; Gilchrist et al. 2019). TRPV4 mutations 

and deletions result in disruption of skeletal development and joint degeneration (McNulty et al. 

2015), furthermore TRPV4 loss-of-function in mice results in bone remodeling and eventually 

cartilage degeneration (Clark et al. 2010). Recently, it has been shown by gene array analysis that 

TRPV4 activation by either mechanical loading or a specific agonist causes a strong anabolic 

response in primary chondrocytes.  

 

As compressive and osmotic loading are widely recognized to maintain chondrogenesis and drive 

chondrocyte turnover in vitro (Mauck et al. 2000; Elder et al. 2001; Démarteau et al. 2003; Negoro 

et al. 2008), the identification of mechanoresponsive genes that are regulated by TRPV4 signalling 

is of particular interest. The PKA-CREB (cAMP Responsive Element Binding protein) and PP2A 



 
 

100 
 

(Protein Phosphatase 2A) pathways, have both been reported to regulate Sox9 during in vitro 

chondrogenesis (Zákány et al. 2002; Piera-Velazquez et al. 2007). In addition, it has been reported 

that vinculin (VCL) contributes to the mechanotransduction complex of integrins (Dufour et al. 

2013), and it has been implicated to regulate stem cell behaviour in response to ECM stiffness 

(Holle et al. 2013). Moreover, vinculin mediates integrin assembly trough Crk-associated substrate 

within focal adhesion kinases (FAK) and modifies mechano-sensing dynamics between cell 

cytoskeleton and the ECM (Janoštiak et al. 2014). Thus, these findings suggest that CREB1, PP2A, 

FAK (PTK2) and VCL are candidate mechanoresponsive targets during TRPV4 chemical 

modulation.  

 

4.2 Rationale and hypothesis 

TRPV4 signalling has an important role in skeletogenesis, ECM remodelling, regulate 

mechanotransductive pathways and has shown to enhance neocartilage derived from primary 

chondrocytes after chemical stimulation. The effect of TRPV4 signalling at the mRNA and ECM 

levels on cord-blood MSC-derived neocartilage was not known. Successful enhancement of CB-

MSC neocartilage will provide a viable alternative for priming tissue-engineered cartilage aiming 

for resurfacing of articular cartilage.     

 

It was hypothesized that TRPV4 stimulation in MSC-derived neocartilage would result in 

differential expression of chondrogenic, hypertrophic and candidate mechanoresponsive genes, as 

well as enhance its ECM deposition and mechanical properties. For this purpose, we investigated 

the effect of the TRPV4 agonist (GSK1016790A) on tissue engineered cartilage sheets derived 
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from equine cord blood mesenchymal stromal cells (eCB-MSC), when treated at different 

concentrations (1nM, 10nM and 25nM) and times of exposure (O’Conor et al. 2014; Gilchrist et 

al. 2019), and compared its effects to vehicle controls.  

 

4.3 Materials and methods 

4.3.1 Experimental Design 

The mRNA levels (experiment a) and ECM content (experiment b) of equine CB-MSC-derived 

neocartilage was examined after treatment with GSK1016790A (TRPV4 agonist), RN-1734 

(TRPV4 antagonist) or 0.1% DMSO (vehicle control), during chondrogenic induction (Figure 4.1). 

Experiment a) Engineered cartilage (N=10) was exposed to treatment groups, beginning at 

day 7 post induction (dpi) for 1 hour everyday for 3 days (pulses). Terminated at 10 dpi for mRNA 

analysis. 

Experiment b) Engineered cartilage (N=5) was exposed to treatment groups, beginning at 

7 dpi for 1 hour everyday for 3 days (pulses). Terminated at 28 dpi for ECM analysis. 

 

4.3.2 Equine MSC source and expansion 

MSCs were isolated from equine cord blood samples as described previously (Lepage et al. 2019a). 

For further cell expansion, cryopreserved vials were thawed and seeded in T175 flasks at a seeding 

density of 5000 cells/cm2 and cultured in expansion medium at 38oC (normal horse temperature) 

in 21% O2, with complete medium changes every two days. When cultures reached 70%-80% 

confluency, cells were enzymatically harvested using 0.25% trypsin-EDTA and counted using an 

automated cell counter (Nucleocounter® NC100, Mandel; ON, Canada).        
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The MSC expansion medium was prepared with low glucose (1.0g/L) Dulbecco’s Modified 

Eagle’s Medium (Wisent Bioproducts; QC, Canada), 10% fetal bovine serum (Sigma-Aldrich; 

ON, Canada), 10,000 U/ml penicillin-streptomycin (Sigma-Aldrich; ON, Canada), 5,000 U/ml L-

glutamine (Sigma-Aldrich; ON, Canada) and human fibroblast growth factor (1ng/L) (Sigma-

Aldrich; ON, Canada). 

 

 

 

 

Figure 4.1 Experimental design. a) Approach for experiment to evaluate mRNA expression at 

different GSK101 concentrations. Treatments consisted of: 1nM, 10nM or vehicle control; b) 

Approach for experiment to evaluate effect of TRPV4 modulators at ECM level of neocartilage 

sheets. Treatments consisted of: GSK101, GSK101+RN-1734, RN-1734 or vehicle control. All 

treatments were administered in pulses as described in the methods section.     
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4.3.3 Chondrogenic differentiation 

Cell culture inserts of 12 mm of diameter (Millipore; ON, Canada) were placed into a 24-well plate 

and prepared for membrane culture by coating them in 100 µl of a 10% fibronectin (Sigma-

Aldrich; ON, Canada) solution suspended in expansion medium. Each membrane insert was dried 

overnight, UV sterilized for 1 hour and incubated for 6 hours at 38C, 21% O2 for solubilization 

of the fibronectin coating. CB-MSCs at passage 5 were seeded at 2x106 cells in a 400 µl suspension 

onto each membrane insert. An additional 600 µl of expansion medium was added to each well, 

surrounding the outside of the insert and incubated for 24 hours at 38C, 21% O2. The following 

day, expansion medium was then changed to 1.5 mL of chondrogenic induction medium per well. 

Chondrogenic induction medium consisted of DMEM high glucose (4.5g/L) (Wisent Bioproducts; 

QC, Canada), ITS+ Premix (Corning; NY, USA), 10 mg proline (Sigma-Aldrich; Oakville, ON, 

Canada), 100 nm dexamethasone (Sigma-Aldrich; Oakville, ON, Canada), 100 mM sodium 

pyruvate (Invitrogen; Burlington, ON, Canada), 200 mM GlutaMAX (Invitrogen; ON, Canada), 

100 µg/ml ascorbic acid (Sigma-Aldrich; ON, Canada), and 10 ng/ml TGFβ3 (R&D Systems; MN, 

USA). 10 µM of Y-27632 ROCK inhibitor (Sigma-Aldrich; ON, Canada) was added for the first 

48 hours of chondrogenic induction to prevent cell contraction.  

 

4.3.4 Treatment with TRPV4 modulators 

Neocartilage sheets were incubated for a total of 10 days or 28 days (experiments [a] or [b] 

respectively) at 38C in 21% O2, chondrogenic medium was changed every 2 days. Both TRPV4 

agonist (GSK1016790A; Calbiochem) and antagonist (RN-1734; Calbiochem) were reconstituted 

in DMSO according to instructions from the manufacturer. 
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For experiment [a], samples were divided and cultured in groups with chondrogenic medium 

containing either two different concentrations of GSK101 (1 nM and 10 nM) or DMSO as vehicle 

control (0.1%) administered at 7 days post induction (dpi) for one hour for three days. Each 

treatment day, all cultures were carefully washed three times with 1.0 ml of warm PBS (38C) 

after treatment to remove any residue, then 1.5 ml of fresh chondrogenic induction medium 

(without GSK101 or DMSO) was poured into all wells. Cultures were terminated at 10 dpi.  

 

For experiment [b]), groups were exposed to one of the following treatments: GSK101 (1 nM), 

GSK101 (1 nM) + RN-1734 (10 µM), RN-1734 (10 µM) or DMSO (0.1%) added to chondrogenic 

medium. Treatments started at 7 dpi for one hour for three days. After treatment, samples were 

washed with PBS and replaced with fresh medium as described above. Cultures continued growing 

past day 10 post-induction and were terminated at 28 dpi. Neocartilage sheets were then harvested 

by peeling the tissue off inserts using sterile forceps and washed with PBS.  

 

4.3.5 Histology and Immunohistochemistry 

Tissue engineered cartilage sheets were removed from the cell culture inserts, washed in PBS, 

fixed 24 h in 10% neutral buffered formalin and dehydrated with 70% ethanol for 24 h. Tissues 

were further dehydrated, cleared in xylene and infiltrated with paraffin wax using an automated 

tissue processor (Fisher Scientific; MA, USA), embedded in paraffin blocks and sectioned in a 

rotary microtome (Shandon Finese ME+, Fisher Scientific). 5 µm sections were baked at 37oC 

deparaffinized and rehydrated. Hematoxylin and eosin (H&E) and toluidine blue staining was used 

for visualization of overall tissue structure, and presence of glycosaminoglycan (GAG). 

Immunohistochemical staining (IHC) was performed using X-tra slides and baked for 1h at 65oC 
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prior to deparaffinization. Antibodies reactive with type-I or type-II collagen as previously 

described using mouse anti-type I collagen (Calbiochem, Cat#CA60801-158) or mouse anti-type 

II collagen (Developmental Studies Hybridoma Bank, Iowa, USA, Cat#II-II6B3). 

Immunoreactivity was detected using HRP-conjugated goat anti-mouse and DAB chromogen 

(DAKO; ON, Canada) for color development, then counterstaining with hematoxylin (Co et al. 

2014). 

 

4.3.6 Biochemistry 

Engineered neocartilage sheets were digested in 40 µg/ml papain (Sigma-Aldrich; ON, Canada) 

for 48 hours at 65˚ C and then frozen at -20˚ C. Quantification of sGAG, DNA and hydroxyproline 

content was performed as previously described (Co et al. 2014). Briefly, sGAG content was 

determined by dimethylmethylene blue (DMMB) dye binding assay (absorbance at wavelength 

525 nm). Chondroitin sulfate (Sigma-Aldrich; ON, Canada) was used to generate a standard curve. 

For collagen content, previously digested samples were hydrolyzed with 6N HCl at 110˚C for 18 

h, then neutralized with NaOH. Samples and standards were incubated with 0.05 N chloramine T 

for 20 min at room temperature, then with 3.15N perchloric acid for 5 min at RT and Ehlrich 

reagent for 20 min at 60˚C (absorbance at wavelength of 560 nm). A DNA quantitation kit (Sigma-

Aldrich; ON, Canada) was used to estimate DNA content through fluorometry with the 

bisbenzimide H dye (excitation 358 nm, emission 458 nm). Results for sGAG and collagen were 

normalized to DNA content. All measurements and standard curves were performed in triplicates 

using a SpectraMaxTM i3 spectrophotometer. 
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4.3.7 mRNA expression 

Neocartilage sheets were removed from their culture inserts, washed twice with 1X PBS, snap 

frozen in liquid nitrogen and stored at -80°C within 1h after last treatment pulse. Tissues were 

pulverized in a Mixer Mill MM400 (Retsch; Haan, Germany) for 3 minutes at 30 Hz, then total 

RNA was extracted with RNAeasy minikit (QIAGEN; ON, Canada) according to instructions from 

the manufacturer. Quantification of eluted RNA was determined by a Nanodrop 2000c 

spectrophotometer and purity assessed by ratio of absorbance at 260 nm/280 nm and 260 nm/230 

nm. Isolates were treated with DNAse I (Invitrogen; ON, Canada) and reversed transcribed using 

qScript cDNA Supermix (Bio-Rad; CA, USA). Amplification of products by RT-qPCR was done 

using the SsoAdvancedTM SYBR green Supermix (Bio-Rad; CA, USA) in a CFX96 Real-Time 

PCR detection system (Bio-Rad; CA, USA) with a reaction volume of 10 µl. Previously used 

equine chondrogenic and hypertrophic markers were analysed for mRNA expression levels (Table 

4.1), relative to reference genes 18s, B2M and RPLP0 (Lepage et al. 2019c). Primer optimization, 

standard curves and determination of annealing temperature were obtained as described previously 

(Co et al. 2014; Lepage et al. 2019c). For candidate mechanoresponsive genes, design of primers 

for the genes CREB1, PP2A, PTK2 and VCL (Equus caballus) was performed with Primer-BLAST 

(NCBI RefSeq mRNA; Primer 3 ver.4.1.0). Custom oligos were purchased from Sigma-Aldrich 

(ON, Canada). Melting curves and primer efficiencies for these genes were performed at the 

Advanced Analysis Center, Science Complex, University of Guelph (Supplementary data S4.6). 

Real-time PCR assays were conducted using a StepOnePlus Real Time PCR system 

(ThermoFisher Scientific Inc). Twenty µl reactions containing 10 µl 2X Perfecta SYBR Green 

FastMix, ROX (Quanta BioScience, Cat #: 95073-012), 0.8µl of PCR forward and reverse primer 

mix at 5µM (final concentration of primer at 200 nM), 4.2 μl of water and 5 ul of diluted 

cDNA. The run conditions were as follows: 30 seconds at 95°C polymerase activation step, 
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followed by 40 cycles of a two-step qPCR (3 seconds of 95°C denaturation, 30 seconds of 60°C 

combined annealing/extension). Expression levels of mRNA were calculated with the 2-ΔΔCT 

method and fold change was normalized to mRNA levels in MSCs. Because some chondrogenesis 

specific genes were not detected in MSCs (Ct values: 35 – 40), a threshold value of Ct=35 was set 

for non-detects as well as all measurements above 35. This criterion was applied to reduce bias 

during analysis between different treatments (McCall et al. 2014). Mean fold changes were log 

transformed (log10) for symmetry of data presented in graph bars.   
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Table 4.1 List of primers used for qPCR of chondrogenic, hypertrophic and candidate 

mechanoresponsive genes 

Gene Forward (5’-3’) Reverse (3’-5’) Reference 

SOX9 ATCTGAAGAAGGAGAGCGAG TCAGAAGTCTCCAGAGCTTG (Co et al. 2014) 

RUNX2 CCAAGTGGCAAGGTTCAACG AACTCTTGCCTCGTCCACTC (Baird et al. 2018) 

ACAN GCGTGGCTGCTGTCCCCTTA CCCAGGGGCCTTCTGTGCTC (Lepage et al. 

2019c) 

COL1A2 GAAAACATCCCAGCCAAGAA TGATGTTTTGAGAGGCATGG (Co et al. 2014) 

COL2A1 GACAACCTGGCTCCCAAA ACAGTCTTGCCCCACTTAC (Co et al. 2014) 

COL10A1 CTTGGTTCATGGCGAGTTTT GTCCAGGGCTTCCATAACCT (Co et al. 2014) 

MMP13 GTCCCTGATGTGGGTGAATAC ACATCAGACCAAACTTTGAAGG (Wang et al. 2014)  

MMP1 ATAACTACGATTCGGGGAGAAG TCTATGGGAAACCTCATAAGCA (Wang et al. 2014) 

MMP3 CTTTTGATGGACCTGGAAAAGT GAGTGATAGAGACCCAGGGAAT (Wang et al. 2014) 

18s GTAACCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG (Chen et al. 2012) 

B2M CGGGCTACTCTCCCTGACT GTGACGTGAGTAAACCTGAACCTT (Mienaltowski et al. 

2008)  

RPLP0 CTGATTACACCTTCCCACTTGCT AGCCACAAATGCAGATGGATCA (Mienaltowski et al. 

2008) 

CREB1 TTGCCACATTAGCCCAGGTAT GGCCGCCTGAATAACTCCAT This work 

PP2A GAAACCACGAAAGCCGACAAA TGGATGGAGAGAGACCACCG This work 

PTK2 TCAACCCCAGGAAATCAGCC GGGCCATCTCAATCTCTCGG This work 

VCL  CCGAGTGATGCTGGTGAACT TCAGTGTCCTTCTTGCTGGC This work 
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4.3.8 Thickness measurement and double indentation  

A double indentation protocol was used to extract mechanical properties (Hayes et al. 1972; Jin 

and Lewis 2004) using a Mach-1TM mechanical tester (Biomomentum; QC, Canada). This 

procedure was used to estimate the compressive modulus (E), shear modulus (G) and Poisson’s 

ratio (v) of neocartilage sheets. For calculations of mechanical properties, the thickness (h) was 

first measured using a needle probe of one inch in length attached to the shaft. After contact, the 

needle was moved through the vertical axis into the tissue at a speed of 0.005 mm/s until a peak 

was registered by the Mach-1 (1 kg load-cell) Motion software. Thickness (h) was obtained from 

the minimum and maximum points from the resistance curve. Measurements of samples were 

repeated twice and corroborated with an electronic digital Vernier caliper. Double indentation tests 

were then carried out using two indenters of different sizes (0.92 mm and 1.38 mm). The first 

indenter made contact at which point the load was zeroed, and then proceeded with displacement 

of 5% of the sample thickness (h) with a velocity of 0.05 mm/s. The acquisition rate was set at 100 

Hz. The slope was defined as the linear region of the curve, determined by linear regression. After 

a 5 min rest period, this same procedure was repeated using the second indenter. Curve fitting to 

theoretical curves from finite element model was performed to calculate the compressive modulus 

(E) and shear modulus (G) by adjusting the Poisson’s ratio (v) (Jin and Lewis 2004). Samples were 

kept moist by application of PBS to the tissue surfaces between measurements. 

 

4.3.9 Equilibrium stress-strain properties 

The equilibrium stress-strain protocol through a series of unconfined compressions was adapted 

from previous work (Waldman et al. 2002, 2003a). The stress-strain curves from engineered 

constructs were obtained by displacement-controlled tests using a flat indenter after compression 
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in 5 steps at sequential increments of 2% of thickness (h) for a total displacement of 10% of 

cartilage thickness (h). Recording of data was set with an acquisition rate of 100 Hz. Equilibrium 

was defined as a change in force less than 2 mN/min (Waldman et al. 2003a, 2004). Stress at 

equilibrium was calculated from the applied load normalized by the cross-sectional area of the 

sample. Stress-strain curves were then obtained from the stress at equilibrium on each sequential 

step. The equilibrium modulus (Eeq) was then estimated from the entire slope of the stress-strain 

curves determined by linear regression (DiSilvestro, et al. 2001). 

 

4.3.10 Statistical analysis 

Matched groups were considered for experimental design. One-way ANOVA with Dunnett’s 

multiple comparisons was performed to determine differences in biochemical content among 

groups. For differences in mRNA expression levels, the normality of dataset was assessed with 

Shapiro-Wilk test (Supplementary data S5), then either ANOVA with Dunnett’s multiple 

comparisons or Friedman’s test with Dunn’s multiple comparisons were used. Two-tailed paired 

t-test was used to assess differences in stress-strain curves. Significance was assigned at p<0.05. 

GraphPad Prism 6.02 was used for all analysis.  
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4.4 Results 

 

4.4.1 GSK101 affects mRNA levels of chondrogenic and hypertrophic 
markers in a dose-dependent manner 

Preliminary continuous GSK101 treatments (supplementary data S4.1 (a)) revealed detrimental 

effects particularly at high concentrations (supplementary data S4.2). Then we proceeded to test 

intermittent GSK101 treatment in 3-hour pulses for 3 days (supplementary data S4.1 (b)). The 

mRNA levels of GSK101-treated neocartilage showed higher relative levels of ACAN, SOX9 and 

VCL but downregulation of COL2A1 compared to controls, in addition to higher levels of the 

osteogenic marker RUNX2 (supplementary data S4.3). Moreover, samples failed to form a stiff 

sheet of cartilage on the conditions for both pilot experiments. 

 

4.4.1.1 Expression levels of chondrogenic markers 

The mRNA levels of the ACAN gene were higher in the group treated intermittently with GSK101 

at 1 nM compared to the vehicle control group, but no differences observed for the 10 nM group. 

The gene COL2A1 showed relative decrease in the 10 nM group, compared to controls. No 

significant differences were observed for the COL1A2 and SOX9 genes at the time-point of 

analysis (N=10) (Figure 4.2).  
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Figure 4.2 mRNA expression of chondrogenic markers relative to MSCs in neocartilage sheets, 

treated with GSK101 at different concentrations compared to vehicle controls (10 dpi). Presented 

as mean + 95% CI. N=10, p < 0.05*. 
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4.4.1.2 Hypertrophic markers and candidate mechanoresponsive genes 

No relative differences were observed in mRNA levels of the genes RUNX2, COLXA1 or MMP13 

after intermittent GSK101 treatment compared to controls. The gene MMP3 however, showed 

increased expression in the 1 nM group, while MMP1 showed increased levels at the 10 nM 

concentration compared to the DMSO group. Interestingly the levels of the gene for alkaline 

phosphatase (ALP) were lower in the group treated with GSK101 at 10 nM (N= 10) (Figure 4.3 

(a)).  

GSK treatment did not result in differences for the candidate mechanoresponsive genes CREB1, 

PP2A, PTK2 or VCL at either 1 nM or 10 nM compared to DMSO controls at the time-point of 

analysis with the concentrations tested (N=10) (Figure 4.3(b)).  

 

 

 

 

 

 

 

 

 

 



 
 

114 
 

 

 

Figure 4.3 mRNA expression relative to MSCs in neocartilage sheets treated with GSK101 at 

different concentrations compared to vehicle controls (10 dpi). a) Hypertrophic markers; b) 

Candidate mechanoresponsive genes. Presented as mean + 95% CI. N=10, p < 0.05*. 
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4.4.2 GSK101 treatment improves glycosaminoglycan deposition and 
mechanical properties of equine neocartilage sheets  

 

4.4.2.1 Biochemical content 

After exposing equine MSC-derived cartilage sheets to pulsing treatment of either the TRPV4 

agonist GSK101 (1 nM), antagonist RN-1734 or a combination of both, we analysed the content 

of total collagen and sGAG and compared it to DMSO vehicle controls. At the time-point of culture 

termination (28 dpi), quantification of total sGAG showed higher levels in the GSK101-treated 

group (1249.8 + 90.9 µg/ml; mean + SE) compared to vehicle controls (734.5 + 73.4 µg/ml; mean 

+ SE). Similarly, the sGAG content (sGAG normalized to DNA) group treated with GSK101 had 

higher levels (38.2 + 4.4 GAG/DNA; mean + SE) compared to the DMSO group (23.9 + 1.7 

GAG/DNA; mean + SE). GSK treatment however, did not increase total collagen (713.6 + 155.2 

µg/ml; mean + SE) or normalized collagen content (22.8 + 5.7 collagen/DNA; mean + SE) when 

compared to the DMSO control group (638.1 + 139.5 µg/ml and 21.1 + 4.6 for total and normalized 

collagen respectively) at the conditions here evaluated. The groups treated with the TRPV4 

antagonist (RN-1734) and a combination of both modulators (agonist + antagonist) showed no 

statistical differences compared to the DMSO group for both sGAG and collagen content. There 

was no difference in total DNA among treatments (N=5, p < 0.05) (Figure 4.4).        
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Figure 4.4 Effect of TRPV4 modulators on biochemical content of equine MSC-derived cartilage 

sheets. Top panels: total collagen, sGAG and DNA. Bottom panels: sGAG and collagen 

normalized to DNA content. Presented as mean + 95% CI. N=5, p < 0.05 Bars sharing the same 

letter denote no statistical difference.   
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4.4.2.2 Histology 

After removing neocartilage samples from their culture inserts (28 dpi), fixing and processing them 

as described in the methods section, toluidine blue stain revealed proteoglycan accumulation in all 

treatment groups. Type-I collagen presence was minor in all tissues, while type-II collagen 

revealed varying degrees of accumulation through samples. Samples treated with GSK101 showed 

better distribution of ECM components (proteoglycans and collagens) as suggested by uniform 

staining compared to other groups (Figure 4.5). Curiously, samples presented an acellular zone of 

varying thicknesses regardless of treatment. These acellular zones were positive for both toluidine 

blue and type-II collagen stains. Variations in tissue thicknesses and staining intensity were 

observed between donors and regardless of treatment group (Supplementary data S4.4).     

 

4.4.2.3 Mechanical properties of equine MSC-derived cartilage  

Higher compressive modulus (E) and shear modulus (G) compared to controls were observed (p = 

0.0055 and p = 0.0049 respectively) from double-indentation tests (N=5). However, there was no 

difference in tissue thickness (p = 0.97) or Poisson’s ratio (v) (p = 0.21) (Table 4.2). Values of (v) 

for both groups were within the reported ranges for healthy articular cartilage in both human and 

horses (0.07-0.10 and 0.06-0.30 respectively) (Athanasiou et al. 1991; Palmer et al. 1995). 

Mechanical properties at equilibrium of neocartilage sheets treated with GSK101, revealed higher 

stress at equilibrium when submitted to stress-relaxation (2% to 10% of sample thickness) 

compared to the control group (N=5; p < 0.001) (Figure 4.6). Equilibrium modulus (entire slope) 

did not show statistical differences between treatment (1.86 + 0.53 kPa) and control groups (1.85 

+ 0.56 kPa) (N=5; p = 0.98) (Table 4.2).     
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Figure 4.5 Images of neocartilage sheets treated with TRPV4 modulators compared to vehicle 

controls. Bar = 200 µm 
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TABLE 4.2 

 

 

Mechanical properties extracted by needle probe (h), double indentation (v, E and G) and 

unconfined stress-relaxation (equilibrium modulus) tests in tissues treated with GSK101 or vehicle 

(DMSO) control. All measurements were performed twice. Data presented as mean 95% CI [LL 

– UL]. N=5. Tissue thickness (h) p = 0.9715, Poisson’s ratio (v) p = 0.2190, compressive modulus 

(E) p = 0.0055, shear modulus (G) p = 0.0049, equilibrium modulus (Eeq) p = 0.9800.  

 

 Thickness 
(mm) 

Poisson’s ratio 
(v) 

Compressive 
modulus (E) (MPa) 

Shear modulus 
(G) (MPa) 

Eq. modulus 
(kPa) 

DMSO  0.72 [0.26 – 
1.18] 

0.117 [-0.021 – 
0.2552] 

0.32 [0.23 – 0.42]** 0.15 [0.09 – 
0.20]** 

1.85 [0.29 – 
3.41] 

GSK101  0.72 [0.38 – 
1.06] 

0.088 [-0.001 – 
0.1783] 

0.51 [0.37 – 0.65]** 0.24 [0.15 – 
0.32]** 

1.86 [0.39 – 
3.34] 
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Figure 4.6 Mechanical properties of equine MSC-derived cartilage sheets. a) Stress-strain 

response of neocartilage treated with GSK101 (1nM) compared to vehicle controls after 

unconfined compression at 2% to 10% of the sample thickness (h); b) Average stress-strain curves 

of samples treated with GSK101 compared to vehicle controls. Presented as mean + 95 CI. Two-

tailed paired t-test, p < 0.001***, N=5, two replicates per group.       
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4.5 Discussion  

 

The use of chemical modulation has been a primary strategy to drive progenitor cells to form 

neocartilage and enhance the biochemical and mechanical properties of tissue engineered cartilage. 

Target pathways that mimic the 3D environment and signalling from mechanical stimuli alike to 

osteochondral development, can include diverse molecules such as those from the TGFβ 

superfamily (Sampat et al. 2011), Wnt-3a protein (Centola et al. 2013), or TRPV4 signalling 

(Muramatsu et al. 2007; Phan et al. 2009). In order to determine an effect of chemical activation 

of TRPV4 on neocartilage derived from equine cord-blood MSC, we evaluated the dose-response 

of engineered cartilage sheets treated at different concentrations of a TRPV4 agonist (GSK101) 

administered through chondrogenic induction medium. Our findings show that intermittent 

activation of TRPV4 using a chemical agonist can significantly increase the expression of 

chondrogenic genes, cartilage matrix accumulation, and enhancement of mechanical properties. 

  

Based on the observations from preliminary experiments (Supplementary data S4.1-S4.3), shorter 

1-hour pulses of GSK101 were tested as treatment. From these, our results showed higher ACAN 

mRNA levels relative to MSCs in the 1 nM group, but no increase was observed for COL2A1 when 

compared to vehicle control (Figure 4.2). This is contrary to reports by O’Connor and colleagues 

(O’Conor et al. 2014), where an increase of COL2A1 mRNA levels was observed in chondrocyte-

laden constructs from porcine primary chondrocytes treated with the TRPV4 agonist, while the 

ACAN gene did not show difference to controls. One important difference to previous 

administration in cell-laden constructs (O’Conor et al. 2014) besides cell source (primary 

chondrocytes vs MSCs), is that agarose constructs may possess different thickness, diffusion, 
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intake, and removal of bioactive molecules from chondrocytes compared to cartilage sheets being 

directly exposed to the treatment medium. Although, hydrogels provide better permeability than 

cell aggregates (Ozbolat 2015), it has been reported that concentration of solutes in 2% agarose 

hydrogels can take up to 3 hours to achieve a concentration rate of 80% for 3kDa molecules in free 

swelling conditions (Chahine et al. 2009) (GSK101 has a molecular mass of ~3.95 kDa), thus 

preventing overexposure to the agonist compared to scaffold-free cartilage sheets used in this 

study. Indeed, Gilchrist and colleagues (Gilchrist et al. 2019) adopted intermittent treatments when 

exposing monolayers of hMSC to TRPV4 modulators. It is likely that long exposure to the TRPV4 

agonist caused [Ca+]i overload, especially at the higher levels of concentration. It is clear then, that 

pulsing should be a preferred approach when exposing scaffold-free cartilage with a TRPV4 

agonist.         

 

With the exception of MMP3, none of the hypertrophic markers showed an increase when treated 

with GSK101 at the 1 nM concentration. Unlike initial higher levels of RUNX2 observed during 

preliminary evaluations of 3-hour pulses (supplementary data S4.3), 1-hour pulses did not result 

in a statistically significant increase of this marker (Figure 4.3 (a)). Similarly, no increase was 

observed for ALP, COL10A1, MMP1 and MMP13 at this concentration. These results are 

consistent with reports that expression of MMP13 is regulated by overexpression of RUNX2, via 

inhibition of the MEK/ERK signalling pathway which blocks the MMP-13 promoter in 

chondrocytes (Wang et al. 2004). Subsequently it has been reported that inhibition of MMP13 

leads to inhibition of COL10A1 and reduces hypertrophy during chondrogenesis (Jahangir et al. 

2020) while alkaline phosphatase (ALP) expression is result of activation of the SMAD 1-5-8 

pathway through RUNX2 activity in MSCs (Hellingman et al. 2011; Liu et al. 2015).  
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MMP-3 an enzyme associated with connective tissue remodelling, has also been reported to cleave 

Agrin, a proteoglycan that helps maintaining the hyaline chondrocyte phenotype; and to reduce 

SOX9 transcription during the early stages of osteoarthritis (Eldridge et al. 2016). It is possible that 

the increased mRNA levels of MMP3 observed in our neocartilage had a negative effect on SOX9 

transcription. Interestingly, the SOX9 mRNA levels reported in the study by O’Conor et al. (2014) 

did not show higher levels than controls, further supporting this possibility. However confirmatory 

studies should address a potential role of TRPV4 channel activation and the effect of MMP3 over 

SOX9 transcription.  

 

Curiously, the genes COL2A1, ALP and MMP1 showed differences to controls exclusively when 

treated in pulses at the 10 nM concentration. The former two genes resulted with lower relative 

mRNA levels to controls, while the latter showed higher levels at this concentration. Lower type-

II collagen and higher matrix metalloproteinases suggest a detrimental effect to hyaline cartilage 

and a process towards the hypertrophic phenotype. In fact, MSCs exposed to 10 nM of TRPV4 

agonist have been shown to upregulate osteopontin (Corrigan et al. 2018) and promote 

osteogenesis and bone formation mimicking the effect of oscillatory shear fluid forces over MSCs 

primary cilium (Stavenschi et al. 2017).  

 

For the effect of GSK101 pulses over CREB1, PP2A, PTK2 and VCL genes, we did not observe 

statistical differences at either 1 nM or 10 nM concentrations at the time-point of analysis, 

consistent with a recent study on primary chondrocytes (Nims et al. 2021). Overexpression of 

CREB1 gene has been reported to be result of mechanical load and Wnt/β-catenin signaling (Xuan 

et al. 2019), it is possible that MSC-derived cartilage treated with a TRPV4 agonist in combination 
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with WNT3A would show effect on CREB1 mRNA levels. Although it has been shown that FAK 

and vinculin are implicated in mechanotransduction of forces to regulate integrin assembly after 

mechanical stimulus, the results obtained in this study do not support that GSK101 has an effect 

on this mechanism in MSC-derived cartilage at the conditions we tested (Figure 4.3 (b)).       

 

For ECM analysis, our results show higher sGAG content (total GAG and normalized to DNA) in 

the group treated with GSK101 pulses (1 nM) compared the DMSO group, which is consistent 

with reports on constructs from porcine primary chondrocytes (O’Conor et al. 2014) as well as 

higher ACAN mRNA in our study. This increase was inhibited by the addition of the TRPV4 

antagonist (RN-1734), supporting the specific role of TRPV4 in this process. The group treated 

with the antagonist alone did not present differences compared to vehicle controls (Figure 4.4). 

We did not observe however, differences in collagen content in either group at the time-point of 

analysis (Figure 4.4). It is possible that collagen content had been affected by MMPs activity at 

the point of biochemical analysis (28 dpi) as we observed higher mRNA levels of the MMP3 gene 

from expression analysis at day 10 post induction in our experiment.     

 

Previous engineered constructs from primary chondrocytes treated with a TRPV4 agonist show 

uniform distribution of both proteoglycans and type-II collagen after 4 weeks of culture when 

compared to untreated constructs (O’Conor et al. 2014). The appearance of our neocartilage sheets 

also suggest better distribution of proteoglycans and type-II collagen in the GSK101 group 

compared to controls. Vehicle controls showed positive staining to toluidine blue and 

immunostaining of type-II collagen in an acellular region on the surface of tissues. GSK101-

treated neocartilage seemed to present less staining of this acellular zone and more ECM stained 
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for type-II collagen (Figure 4.5). Interestingly, donors producing samples with lower thicknesses 

seemed to have higher staining intensity and better distribution compared to thicker samples. These 

features show donor to donor variations and additional observations should be done before a 

definitive conclusion can be stated for the effects on tissue morphology of GSK101 treated MSC-

derived cartilage (supplementary data S4.4).   

 

The compressive modulus (E), shear modulus (G) and compressive properties at equilibrium 

(stress-strain at 10%) were enhanced in the group treated with pulses of 1 nM GSK101 (Figure 

3.6). In other studies, the instantaneous response (such as Young’s modulus) of scaffold-free tissue 

engineered cartilage, has been successfully enhanced by a variety of strategies including dynamic 

compressive load, shear forces, oxygen tension and signalling by small molecules (Waldman et al. 

2003b; Yodmuang et al. 2013; Nazempour et al. 2016). Properties at equilibrium however, are also 

necessary to address due to the anisotropic characteristic of cartilage and are essential descriptors 

of the load-bearing capacity of articular cartilage (Sophia Fox et al. 2009). The increase in 

mechanical properties in our neocartilage sheets after GSK101 treatment was modest (1.6-fold), 

compared to results reported for primary chondrocytes (2.5-fold) (O’Conor et al. 2014). Perhaps 

the lack of significant increase in collagen content may account for a lower increase in (E) in our 

study, compared that seen in the primary chondrocyte study. Indeed, several studies have shown 

that increased collagen deposition results in higher Young’s modulus and tensile properties, while 

increased GAG content promotes higher compressive properties at equilibrium and decreases 

energy dissipation (Huey and Athanasiou 2011; Haudenschild et al. 2018; Han et al. 2020).    

Enhancement through mechanical stimulation has achieved increases for both sGAG and collagen 

content, where dynamic confined compression with an amplitude of 50% at 0.1hz has resulted in 
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production increases of sGAG (179%) and collagen (99%) compared to uncompressed cartilage 

(Davisson et al. 2002), while unconfined compression has resulted on increases of 30% and 40% 

for sGAG and collagen respectively (Wall and Board 2014) and 2-fold increases in mechanical 

properties (Mauck et al. 2003). There was no difference in the Poisson’s ratio (v) between groups 

treated with the TRPV4 agonist and the control group (Table 4.2), this could be explained by the 

lack of effect on collagen content within our neocartilage sheets. Indeed, higher compressive 

moduli and lower Poisson’s ratio are associated with improved collagen network in tissue-

engineered cartilage (Kelly et al. 2006).        

            

In summary, the results here indicate that intermittent chemical activation of TRPV4 for 1 hour 

for 3 days can improve biochemical and mechanical properties of MSC-derived cartilage; 

however, the treatment conditions evaluated in this study did not result in improvements in 

collagen deposition at this early time point. Although the increase in mechanical properties was 

modest, chemical enhancement can represent an adjuvant to other strategies such as mechanical 

stimulation for functional tissue engineering of MSC-derived cartilage. It is likely that a 

combination of multitude of stimulatory factors such as compression, tension, magnetic, oxygen 

tension or through small-molecules (Co et al. 2014; Kalpakci et al. 2014; Balko et al. 2018); is 

required to achieve native-like mechanical properties in vitro. Our study was limited by the lack 

of protein analysis in our treatment groups and the use of static culture to grow our neocartilage 

sheets. Future work should include next-generation sequencing of MSC-derived neocartilage 

treated with TRPV4 modulators and dynamic compressive load.    
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4.6 Conclusion 

Our results indicate that chemical activation of the TRPV4 channel can be used to enhance 

chondrogenesis of eCB-MSC-derived cartilage. Intermittent treatment with the agonist (GSK101) 

at 1 nM concentration for 1 hour for 3 days was enough to increase ACAN gene mRNA levels, 

sGAG content and mechanical properties of neocartilage sheets compared to untreated controls.  

Treatment with this agonist can be used as a strategy to prime engineered constructs and augment 

their load bearing capacity for their use as replacement therapies of focal cartilage defects. 

However, longer exposure times to this TRPV4 agonist has a detrimental effect particularly at 

higher concentrations, on eCB-MSC-derived cartilage as demonstrated by lower levels of COL2A1 

and overexpression of hypertrophic markers in those conditions. Finally, there was no evidence 

that the candidate mechanoresponsive genes evaluated in this study responded to GSK101 

treatment alone in MSC-derived cartilage at the time of analysis.  
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5 General Discussion and Conclusion 

 

5.1 General discussion 

As mentioned in the introductory chapter, current research efforts are exploring novel cell 

populations for superior osteochondral potential, better strategies to engineer tissue replacements, 

or to promote regeneration in situ through biomaterials. It is important to consider that these 

approaches do not follow a rigid path and are not fundamentally exclusive to each other; in fact, 

several studies rely on combining the benefits of different cell sources, scaffolds, and molecular 

signalling. The approaches used in the studies for this thesis combined the use of a multipotent cell 

source with chondrogenic potential, a bone-substitute to support growing neocartilage (Chapter 3) 

and the use of a chemical activation of the TRPV4-mediated signalling (Chapter 4). In addition, 

the use of an animal model with translational potential to human medicine as well as the 

determination of joint benchmarks (Chapter 2) integrate the elements of tissue-engineering.  

 

The outcomes from this work represent a step forward in the treatment of focal cartilage defects, 

with the aim to restore form and function. Particularly, in the form of advances for osteochondral 

replacement and enhancement of neocartilage that can be used for resurfacing after focal cartilage 

defects. Based on the general defect types depending on structures involved (partial thickness 

defects, full thickness defects or osteochondral defects), and how most in vivo studies in large 

animals utilize osteochondral grafts to regenerate full thickness cartilage defects, the strategies 

depicted in this thesis are suited to investigate cartilage resurfacing that involves the cartilaginous 

phase and the zone of calcified cartilage with the main objective of improving neocartilage 
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structure, ECM content and load-bearing capacity. Although the subchondral bone is an essential 

component of the osteochondral unit, the evaluation of subchondral bone remodelling, sclerosis, 

vascularization, and cartilage-bone crosstalk within the joint are processes that fell outside the 

scope of this thesis.         

 

In order to produce a tissue replacement as treatment for focal cartilage defects, a functional tissue 

engineering road has been proposed which relies on isolation, and propagation of diverse cell 

sources, combined with biomaterials to form constructs, which together drive morphogenesis of 

neocartilage, stimulated by mechanical signals and growth factors (Butler et al. 2000). This tissue 

substitute can then be implanted, with the objective of achieving: a) wound healing and repair, b) 

restoration of form and function and c) long-term efficacy. Addressing these goals can result in 

development of products and therapies for an unmet clinical need for both human medicine and 

the horse industry (Fugazzola and van Weeren 2020). 

 

As was described before, the use of large animal models and particularly the horse, can provide 

advantages to evaluate the clinical efficacy and safety of these products and therapies. For this 

reason, equine benchmarks were determined using double-indentation, unconfined compression, 

and biochemical assays from different reasons of the femorotibial joint. These benchmarks might 

have a predictive value for the implementation and prognosis of approaches aiming to restore the 

form and function of affected articular cartilage, by setting minimum thresholds that tissue-

engineered tissues need to achieve for long-term in vivo studies.            
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 As it was observed from determination of equine benchmarks in chapter 2 the medial condyle 

shows higher values for collagen content and consistent to previous characterizations, higher 

compressive and shear moduli compared to other stifle joint regions. Thus, making this region the 

most challenging region (in terms of biomechanics) for functional tissue engineering of cartilage. 

Interestingly, it was the lateral trochlea the region with the highest properties at equilibrium from 

the donors evaluated. As it was mentioned in the discussion section of this same chapter, there is 

an association between stiffness at equilibrium and hydration percentage and permeability (k). 

Indeed, White and colleagues (White et al. 2021) observed differences in stiffness at equilibrium 

in correlation to permeability. It would be interesting to correlate the level of permeability (k) to 

the high stress-strain and equilibrium modulus obtained in the lateral trochlea and compare it to 

the other stifle regions.    

 

Therefore, it would be advised to include these parameters for future analysis of horse benchmarks 

in order to understand better the role of water dynamics within neocartilage. This would help 

design strategies for tunning in vitro cartilage with the most desirable mechanical properties that 

match the joint region of interest. This similitude in thickness and mechanical properties between 

tissue replacements and the surrounding native tissues improve the probability successful graft 

integration in vivo (Hurtig et al. 2001; Fugazzola and van Weeren 2020).    

   

Various cell-based approaches have been explored for repair of cartilage including ACI and 

MACI. ACI has been extensively used but suffers from limited chondrocyte availability and lack 

of tissue integration. While MACI is more effective compared to microfracture up to 5-years post-

treatment, lack of restoration of functional properties are still hampering their success (Brittberg 
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et al. 2018). As mentioned in chapter 1, these types of approaches do not address the subchondral 

bone, which is often compromised in the event of focal cartilage defects. For this reason, the 

generation of osteochondral constructs and characterization of their mechanical properties were 

the main focus of chapter 3.  

 

Tissue engineering using scaffold-free and scaffold-based strategies have different challenges. 

Constructs developed with exogenous scaffolds present degradation in situ, potential inflammation 

and are less effective for cell penetration and seeding (Van Der Elst et al. 1999; Yang et al. 2004; 

Bhardwaj et al. 2015). Scaffold-free neocartilage often lacks the ECM microstructure and zonal 

patterns that native articular cartilage possesses, including fibril arcade configuration and, cell 

distribution and orientation.  

 

The scaffold-free biphasic CPP-osteochondral constructs generated in chapter 3 addressed the 

cartilage thickness and promote tissue growth in regions resembling “zones” by using a double-

layering protocol. Discrete histological zones in scaffold-free neocartilage have been achieved by 

seeding chondrocytes isolated from particular native cartilage zones (superficial, transitional, and 

deep). To date there are not reports of seeding MSC in layers to drive neocartilage stratification, 

however further evaluation and comparative analysis are still necessary.  

 

The generated MSC-derived neocartilage had a hyaline-like phenotype and a congruent, flat 

surface. The double-layered approach increased the neocartilage thickness. Other strategies to 

achieve higher cartilage thickness have relied on scaffolds or by generating a construct prior to 
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chondrogenic induction and higher cell concentration, however scaffolds can suffer from 

immunogens and degradation issues (White et al. 2017) and the latter strategy from depth-zone 

specific weaknesses (Ando et al. 2007; Fujie et al. 2015). Regarding mechanical properties, these 

double layered constructs were roughly 19% of native articular cartilage (pooled from all five joint 

regions from chapter 2). However, by comparing these properties to individual joint region, the 

MSC-derived constructs showed stress-strain comparable to the patellar groove in sequential 

stress-relaxation steps. This suggest, that at the current state the produced double-layered MSC-

derived osteochondral constructs implanted into the patellar groove and possibly both medial and 

lateral trochlea should be able to withstand the physiological compressive loads of the horse. It 

was reported in the sheep model, that implanted grafts can mature at the in vivo environment and 

increase their stress-strain properties within 4-8 months (Kandel et al. 2006). Therefore, as long as 

the implant successfully integrates and its not destroyed by degradation from the shear and 

compressive loads, it could restore the load-bearing function of articular cartilage. This scenario 

is feasible considering the lateral trochlea is a low weight-bearing region, allowing implanted 

grafts to survive and mature in situ, even if their initial stress-strain are lower than the native 

counterpart at this joint region. 

Cord-blood MSCs used for both chapter 3 and 4 of this thesis differentiated into neocartilage with 

presence of proteoglycans, collagen type-II and low to no indication of collagen type-I. Gene 

expression analysis also showed the lack of expression of several hypertrophic markers for the 

tissues generated in CPP and cell culture inserts in normal conditions. Moreover, staining for 

live/dead and apoptosis, suggest a minimal presence of non-viable cells when cultured through 

double-layering and static conditions. However, additional examination with sufficient statistical 

power is encouraged.  
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Neocartilage can also be primed in vitro through several strategies. In chapter 4, chemical 

activation of the mechanosensitive TRPV4 channel was evaluated in MSC-derived neocartilage 

sheets. The results showed overexpression of ACAN without increasing hypertrophic markers at 

the 1nM concentration, it also increased the sGAG content and enhanced compressive properties 

compared to untreated controls. Although the increase in mechanical properties was modest 

compared to the results seen in porcine primary chondrocytes (O’Conor et al. 2014), the increase 

in both instantaneous response and properties at equilibrium for neocartilage may result in the 

osteochondral constructs generated in chapter 3 to reach compressive modulus (E), shear modulus 

(G) and equilibrium modulus (Eeq) similar to the patellar groove, and stress-strain similar to the 

medial trochlea. Therefore, chemical activation of TRPV4 Ca+ signalling can be used as a strategy 

to enhance matrix synthesis and maturation of MSC-derived osteochondral constructs and augment 

their load-bearing capacity for their use in vivo in the horse model.  

 

TRPV4 enhancement is of particular value as long term efficacy problems in large animal studies 

often involve lack of restoration of native structural organization and in the case of the horse 

model, they focus on the presence of proteoglycans, type-II collagen of repaired tissue without 

addressing mechanical strength or the osteochondral unit (Fugazzola and van Weeren 2020). 

Furthermore, the use of engineered osteochondral grafts in experimental work in horses are in 

numerous cases acellular implants combined with adjuvants such as PRP, bone-marrow aspirates, 

microfracture or using reinforced scaffolds and hydrogels (Fortier et al. 2010; McCarrel et al. 

2017; Vindas Bolaños et al. 2017; Prince et al. 2019; Olesen et al. 2020). The enhancements to 

load-bearing capacity through TRPV4 activation in MSC-derived osteochondral constructs could 

contribute to restoration of form and function in long-term clinical trials.   
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5.2 Conclusion 

 

The approaches described in this thesis could improve the long-term outcomes of in vivo studies 

by developing tissue-engineering MSC-derived osteochondral constructs with stable hyaline-like 

cartilage and presenting cartilage thickness matching the target location by fine tunning the double-

layering approach (chapter 3). Moreover, prior chemical activation through TRPV4 signalling can 

prime the osteochondral constructs and enhance their mechanical properties (chapter 4). Horse 

benchmarks obtained (chapter 2) can then provide a guide for the desired thickness, instantaneous 

compressive and shear properties as well as properties at equilibrium to ensure proper integration 

and clinical performance. Finally, stifle joints from the horse model have non-weight bearing 

regions with low risk of graft degradation, which are viable sites for testing the long-term efficacy 

of these implants. In conclusion, this thesis provides evidence that equine cord blood MSC-derived 

scaffold-free osteochondral constructs have comparable load-bearing capacity to non-weight 

bearing equine stifle joint regions, and that TRPV4 channel activation can enhance neocartilage 

properties for potential long-term use in vivo in the horse model for restoration of cartilage form 

and function.  
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5.3 Recommendations and future work 

 

Future directions of the work presented in this thesis include the proper characterization between 

layers generated through the double-layering approach in the osteochondral constructs, generation 

of calcified cartilage at the neocartilage-CPP interphase (chapter 3), further optimization of 

TRPV4 agonist concentration, duration, and frequency of treatment exposure as well as next-

generation sequencing of MSC-derived cartilage activated by both TRPV4 chemical activation 

and mechanical load (chapter 4). Dynamic mechanical compression and oxygen tension are stimuli 

that would greatly benefit this work, by promoting the structural organization of ECM fibril 

network, improving intra-tissular fluid diffusion, and further enhancing chondrocyte turnover. 

Lastly, additional work in characterizing equine benchmarks is still necessary. Increasing the 

sample size (N=5) and categorizing donors is needed to address the high variability among 

individuals, in addition parameters such as permeability (k) and hydration (%) should be included 

as they contribute to mechanical properties in specific joint locations. 

Altogether this work addresses all basic components of the tissue engineering “dogma”: a suitable 

cell source, biomaterial with adequate structural support and molecular signaling to stimulate a 

specific response. Functional tissue engineering requires the consideration of the appropriate 

animal model, obtaining the history of stress-strain for native tissues, selecting and prioritize native 

benchmarks, determine the minimum functional levels or “standards”, and understand the 

mechanism for which growth factors and signals influence cell activity (Butler et al. 2000); the 

work and outcomes presented in this thesis constitute a step-forward in achieving this goal. 
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Chapter II 

 

 

 
 

HORSE 1  
ID# 644829 

Sex 

Male 

castrated 

Age 

7 years and 8 

months 

Breed 

Warmblood 

Dutch 

Notes N/A 

  
HORSE 2  
ID# 648431 

Sex 

Male 

castrated 

Age 15 years 

Breed Warmblood 

Notes N/A 

  
HORSE 3  
ID# 658789 

Sex 

Male 

castrated 

Age 

4 Years and 7 

months 

Breed Thoroughbred 

Notes Racing horse 

 

Supplementary data S2.1 Donor horse data 
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Supplementary data S2.2 Average GAG/DNA and collagen/DNA content from previous 

quantification (unpublished data). Values were used as control during normalization of relative 

biochemical content for all joint regions analysed in this study. Data presented as mean + SEM; 

N=3. 
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Lateral 

condyle 

(average) 

Lateral 

trochlea 

(Average) 

Medial 

condyle 

(Average) 

Medial 

trochlea 

(Average) 

Patellar 

groove 

(Average) Parameter 

2.14 2.04 2.27 1.45 1.84 h (mm) 

0.137 0.138 0.161 0.165 0.143 v 

0.520 0.575 0.744 0.471 0.354 G (MPa) 

1.186 1.342 1.781 1.104 0.812 E (MPa) 

50.9915 152.18125 58.814 41.07125 17.7845 Eeq (kPa) 
 

 

Ha Ha=E(1-v)/(1+v)(1-2v) 

MC 870.52 kPa   

LC 654.35 kPa   

MT 529.43 kPa   

LT 735.96 kPa   

PG 435.24 kPa   
 

 

Supplementary data S2.3 Stiffness at equilibrium or aggregate modulus (Ha) per region. Top 

rows: thickness (h), Poisson’s ratio (v), shear modulus (G), compressive modulus (E), and 

equilibrium modulus (Eeq) per region. Bottom rows: Aggregate modulus (Ha) calculated from (E) 

and (v).  
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Chapter III 
 

 

 

Supplementary data S3.1 ROCK inhibition reduces MSC contraction on CPP. a) Top panels: 

hatched line indicates contracted MSCs without ROCKi on day 2 post-seeding. Bottom panel: 

Uniform adherence of MSCs to CPP in the presence of ROCKi on day 2 post-seeding. b) 100% of 

all cell lines and replicates contracted without ROCKi, even with the presence of a fibronectin 

(fib) coating on the CPP. Data presented as mean + SEM; N=5, b=p<0.0001. 
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Preliminary characterization of MSC derived osteochondral constructs 

Biochemical content, mRNA expression and histology of MSC-derived cartilage on top of CPP 

after three and six weeks of culture were evaluated.     

 

Biochemistry  

No significant differences were detected between groups for total sGAG, total collagen, total 

DNA, GAG/DNA content and collagen/DNA content (Supplementary Figure S3.2 (a)). However, 

total collagen, GAG/DNA and collagen/DNA did differ significantly when compared to values 

obtained for native articular cartilage (p<0.05, p<0.05, and p<0.0001, respectively). Total DNA 

only differed from six-week to native cartilage (p<0.05).  

 

 

 

mRNA expression.  

Expression levels were evaluated for the three-weeks and six-weeks groups (Supplementary Figure 

S3.2 (b)). Col1a2 expression was significantly higher for both three-weeks and six-weeks groups 

compared to primary chondrocytes (p<0.05). Col2a1 expression was also significantly higher in 

the six-weeks group compared to undifferentiated MSCs and primary chondrocytes (p<0.05). Sox9 

showed no significant differences between groups and undifferentiated MSCs but was significantly 

higher in chondrocytes (p<0.005), while Runx2 was significantly higher in the six-weeks group 

(p<0.005) compared to MSC and chondrocytes.  
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Supplementary data S3.2 Preliminary characterization of equine MSC-derived osteochondral 

constructs. a) Biochemical analysis of CB-MSC derived osteochondral constructs. Total GAG, 

total collagen, total DNA, GAG content and collagen content in 3-week neocartilage, 6-week 

neocartilage and native articular cartilage. Presented as mean + SEM. Means sharing the same 

superscript are not significantly different from each other (Tukey's, p<0.05). N=3 cell populations, 

3 replicates each. 

b) mRNA expression of CB-MSC derived osteochondral constructs. Quantitative RT-PCR of 

chondrogenesis and hypertrophic-associated gene expression on 3-week, 6-weeks neocartilage and 

primary equine chondrocytes. mRNA expression is normalized to 18S RNA and relative to 

undifferentiated MSCs (Day 0). Mean + SEM. Means sharing the same superscript are not 

significantly different from each other (Tukey's, p<0.05). N=3, cell populations, 3 replicates each 

(pooled). 



 
 

163 
 

 

 

Supplementary data S3.3 Setup for mechanical tests. Left) needle probe; right) indenter attached 

at the end of the shaft.  
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Supplementary data S3.4 - Guidelines by the University of Guelph Animal Care Committee 

were closely followed with regard to the procurement of research materials. 

 

Equine cadaver joint for cartilage collection 

Equine joints were procured from horses euthanized for reasons unrelated to this study. Owner 

consent was obtained by the treating clinician permitting the use of the cadaver for teaching and 

research purposes. Samples procured postmortem do not require an approved animal care 

utilization protocol and hence the cartilage collection adhered to institutional guidelines. 

 Umbilical cord blood collection for MSC isolation 

Collection of equine umbilical cord blood do not require an approved animal care utilization 

protocol since it is done non-invasively from the placenta after foaling and hence falls under 

CCAC Category of Invasiveness A. Additional research conducted using specimens of this kind 

does not require review by the Animal Care Committee (falls under CCAC Category of 

Invasiveness A). Collection of cord blood were add-on procedures to the routine care of the horses. 

No animals were sacrificed during the study. Informed consent was obtained in writing from the 

horse owners/agents before sampling. The broodmares on the foaling farms are housed in large 

foaling boxes. The foaling facilities are staffed 24/7 and mares are under constant video 

surveillance and carrying foaling alarms to allow for observed foaling and assisted delivery if 

needed. Umbilical cord blood was collected by the farm staff after receiving instruction by Dr. 

Koch. Instruction included video-review of cord blood collection. Cord blood was collected from 

an isolated segment of the umbilical cord after the umbilical cord had been clamped and detached 

from the foal. 
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Chapter IV 
 

Pilot study  

Experiment a) Engineered cartilage (N=3) was exposed to treatment groups, beginning at day 7 

post induction (dpi) for 72 hours (continuous) until 10 dpi for mRNA analysis. 

Experiment b) Engineered cartilage (N=4) was exposed to treatment groups, beginning at day 7 

post induction (dpi) for 3 hours everyday for 3 days (pulses) until 10 dpi for mRNA analysis. 

 
Samples treated by intermittent exposition to GSK101 (pulses) were divided and cultured in groups 

with chondrogenic medium containing two different concentrations (1nM or 10nM) administered 

at 7dpi for three hours, after this period medium + GSK101 was completely removed, samples 

were washed twice with warm phosphate buffered saline (PBS) (38C) to remove remaining 

medium with GSK101, then regular chondrogenic medium (no treatment) was added to all cultures 

and controls. This 3h treatment was repeated for 3 days. Cultures were terminated at 10 dpi (pilot 

experiment [b]). Control groups consisted on adding to chondrogenic medium the same amount of 

vehicle DMSO (0.1%) as used on treatments.  
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Supplementary data S4.1 Experimental design for pilot experiments. a) Approach for experiment 

to evaluate mRNA expression at different GSK101 concentrations (continuous treatment). 

Treatments consisted in: 1nM, 10nM, 25nM or vehicle control; b) Approach for experiment to 

evaluate mRNA expression at different GSK101 concentrations in pulses (intermittent treatment). 

Treatments consisted in 1nM, 10nM or vehicle control.  
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Supplementary data S4.2 a) mRNA expression of chondrogenic markers relative to MSCs in 

neocartilage sheets, treated with GSK101 at different concentrations compared to vehicle controls 

(continuous treatment), pilot experiment [a]. Mean + SEM. N=3, p < 0.05. b) Neocartilage at 10 

dpi exposed to different concentrations of GSK101.     
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Results pilot experiment b  

Pulsing treatment of GSK resulted in differences of mRNA levels for the genes however relative 

down-regulation was observed at the 10nM group (N=4; p < 0.05) when compared to the DMSO 

group. The hypertrophic marker RUNX2 showed increased levels at the 10nM concentration (N=4; 

p < 0.05). No differences were observed for the COL1A2 and COL10A1 genes at the time-point of 

analysis (10 dpi) (Supplementary data S4.3). 

Candidate mechano-responsive genes 

The expression levels of the vinculin (VCL) gene was increased at the 10nM concentration after 

treatment, compared to the DMSO group (N=4; p < 0.05). No differences among treatments were 

observed in mRNA levels for the cAMP responsive element binding protein 1 (CREB1) or the 

phosphatase 2 catalytic subunit beta (PP2A) genes, at the time of analysis for these samples (N=4; 

p = 0.05). (Supplementary data S4.3). 

 

Supplementary data S4.3 mRNA expression relative to MSCs in neocartilage sheets, treated with 

GSK101 at different concentrations compared to vehicle controls (intermittent treatment), pilot 

experiment [b]. Mean + SEM. N=4, p < 0.05.  
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Supplementary data S4.4 Donor variability of neocartilage sheets treated with GSK101 (1nM; 

1-hour treatment x 3 days) stained for presence of proteoglycans and type-II collagen. Bar = 200 

µm. 
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Target N Statistic W p-value Reject null Normal distribution 

COL1A2 10 0.9780 0.9535 NO YES 

COL2A1 10 0.9687 0.8783 NO YES 

ACAN 10 0.9595 0.7800 NO YES 

SOX9 10 0.8290 0.0325 YES NO 

COL10A1 10 0.8915 0.1765 NO YES 

RUNX2 10 0.8210 0.0261 YES NO 

ALP 10 0.9514 0.6855 NO YES 

MMP13 10 0.8694 0.0984 NO YES 

MMP1 10 0.9766 0.9445 NO YES 

MMP3 10 0.9464 0.6265 NO YES 

CREB1 10 0.8528 0.0627 NO YES 

PP2A 10 0.7978 0.0136 YES NO 

PTK2 10 0.9782 0.9548 NO YES 

VCL 10 0.9573 0.7699 NO YES 

 

Supplementary data S4.5 Results from Shapiro-Wilk test of normality for analysed genes. 
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Supplementary data S4.6 Primer efficiencies (CREB1, PP2A, PTK2 and VCL) 

 

Protocol for RT 

 

Making cDNA from 5ul RNA using High Capacity cDNA Reverse Transcription Kit from Applied 

BioSystem. (Cat. No. 4368814) 

 

Making master mix of RT rxn: 

 

Component         Volume (uL) /Reaction  

   

10X Reverse Transcription Buffer      2      

25X dNTPs (100mM)       0.8      

10X random primers        2       

MultiScribe™ Reverse Transcriptase, 50 U/uL                         1      

Nuclease-free H2O        4.2     

 

Total per Reaction        10 

 

 

Add 5ul of RNA and 5ul water in the reaction. The RT volume is 20ul. 

 

Program the thermal cycler conditions as follows to perform Reverse Transcription reaction. 

 

 

Continues on the next page 
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Protocol to Set up reaction for Real Time PCR 

 

Two-Step RT-PCR Master Mix   Volume (μL) for One 20-μL 

Reaction 

Final 

Concentration 
 

2X PerfeCta SYBR Green FastMix, ROX 

( Quanta BioScience, Cat No: 95073-012) 

10 1X 

Forward + Reverse Primer (5 uM) 0.8 200 nM 

Template 5 variable 

Water 4.2 — 
 

Total 20 — 

 
 

Running method 
 

 
 
Melting curve was performed to confirm specificity of PCR amplicon. Melting curve was 
performed after qPCR run. 
 
 
 
 
 

Continues on the next page 
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Appendix 1: Defect types in osteochondral regeneration studies 

 

Defect types can be divided in three categories based on the structures involved: a) partial thickness 

defects, b) full thickness defects and c) osteochondral defects. The first two categories refer to 

cartilage resurfacing that involves the cartilaginous phase and in the case of full thickness, the zone 

of calcified cartilage with the main objective of improving neocartilage form and function; while 

the third category considers the subchondral bone and typically aims to investigate the processes 

of cartilage restoration, subchondral bone remodelling, sclerosis, vascularization and cartilage-

bone crosstalk within the joint. 

 

Category Aim of the study Reference 

Both partial and full 

thickness 

Cartilage regeneration, subchondral bone 

remodelling, cartilage-bone crosstalk 

(Pfeifer et al. 2017) 

Full thickness Cartilage regeneration (Nie et al. 2020) 

Full thickness Cartilage regeneration (Olesen et al. 2020) 

Full thickness Cartilage regeneration, subchondral bone remodelling (Vukasovic et al. 2019) 

Full thickness Cartilage regeneration, in vitro characterization (Wu et al. 2019) 

Full thickness Cartilage regeneration, diagnosis (Theruvath et al. 2019) 

Full thickness Cartilage regeneration (Fernandes et al. 2018) 

Full thickness Cartilage regeneration, subchondral bone 

remodelling, fixation technique 

(Friedman et al. 2018) 

Full thickness Cartilage regeneration, cartilage-bone crosstalk (Mumme et al. 2016) 

Full thickness Cartilage regeneration, in vitro characterization (Hindle et al. 2016) 

Full thickness Cartilage regeneration, subchondral bone 

remodelling, cartilage-bone crosstalk 

(Goodrich et al. 2016) 

Both full thickness 

and osteochondral 

Cartilage and subchondral bone regeneration (Christensen et al. 

2015) 

Osteochondral Subchondral bone remodelling, cartilage-bone 

crosstalk 

(Gao et al. 2016) 

Osteochondral Cartilage and subchondral bone regeneration, 

cartilage-bone crosstalk 

(McCarrel et al. 2017) 

Osteochondral Cartilage and subchondral bone regeneration (Asen et al. 2018) 
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Osteochondral Cartilage and subchondral bone regeneration (Vindas Bolaños et al. 

2017) 

Osteochondral Cartilage and subchondral bone regeneration (Korthagen et al. 2019) 

Osteochondral Cartilage regeneration, cartilage-bone crosstalk (Madry et al. 2020) 

Osteochondral Cartilage regeneration (Lin et al. 2020) 

Osteochondral Cartilage and subchondral bone regeneration, 

cartilage-bone crosstalk   

(Favreau et al. 2020) 

Osteochondral Cartilage and subchondral bone regeneration, 

subchondral bone remodelling 

(Critchley et al. 2020) 

Table A1 Defect categories and aims for various studies in the past 5 years in 

cartilage/osteochondral regeneration. 
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Appendix 2: Research strategies for regeneration of cartilage 

 

Cell source Biomaterial Strategies to enhance OC 

repair   

Reference 

BM-MSC Alginate / 

hyaluronic acid 

Collagen scaffold 

Jellification of hydrogel into 

spheroid 

Bmp2 signalling 

(Favreau et al. 2020) 

 

 

BM-MSC Fibrin scaffold Platelet enrichment (Goodrich et al. 2016) 

hUC-MSC Hyaluronic acid 

composite 

Biomimicking 3D environment  (Wu et al. 2019) 

SF-MSC Neutral agarose Selection of cell source with 

higher chondrogenic potential 

(Zayed et al. 2018) 

hDP-MSC Collagen I/III 

scaffold 

Bi-layered scaffold (Fernandes et al. 2018) 

Combination: 

-BM-MSC 

-AT-MSC 

-Chondrocytes 

Alginate hydrogel 

3D-printed PCL 

fibers 

Reinforcing hydrogel with fibril 

network 

Co-culture 

(Critchley et al. 2020) 

ESC -- Hypoxia (5% O2 ) (Gardner et al. 2019) 

PRP -- Bone marrow stimulation (Olesen et al. 2020) 

Bone marrow 

(sternum) 

Type-I collagen 

TCP + PCL 

ceramic 

Bone marrow saturation (McCarrel et al. 2017) 

Primary articular 

chondrocytes (in 

vitro tests) 

PEKK 

Polymer with 

peptides “RGD” 

and “GFOGER” 

Use of scaffold with mimetic 

mechanical stiffness 

In vivo loading in local site due 

to implant position  

(Korthagen et al. 2019) 

Primary articular 

chondrocytes 

Alginate-based 

hydrogel 

Decellularized scaffold (Nie et al. 2020) 

Primary 

Chondrocytes 

(nasal septum) 

Biphasic: 

-Type-I collagen 

-Blend Type-I 

Collagen with 

Mg-HA 

Cell seeding, 3D expansion and 

graft maturation in bioreactor  

(Vukasovic et al. 2019)  

Primary 

Chondrocytes 

(nasal septum) 

Type-I/III 

collagen bi-

layered 

membrane 

Culture for 2 weeks before 

implantation, withdrawal of 

differentiation factors at day 8.  

(Mumme et al. 2016) 

Perivascular stem 

cells (PSC) 

Hydrogel/Type-II 

collagen  

Sort and screening of cell 

population of specific marker of 

high chondrogenic potential. 

Cell seeding into membrane 

(48h-72h) and graft into defect. 

(Hindle et al. 2016) 

Cell-free PEOT / PBT  Spatiotemporal gradient of 

TGFβ1 released by scaffold 

(Asen et al. 2018) 

Cell-free  PEO-PPO-PEO 

copolymer 

Delivery of rAAV-FLAG-hsox9 

after microfracture 

(Madry et al. 2020) 
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Cell-free Decellularized 

matrix + CaP 

Use of a composite scaffold to 

increase integration to 

subchondral bone 

(Vindas Bolaños et al. 

2017) 

Cell-free Covalent cross-

linked triblock 

copolymers 

(PCLA-PEG-

PCLA) 

Thermosensitive hydrogel for 

sustained release of drug within 

the joint 

(Prince et al. 2019) 

Primary 

chondrocytes 

(fetlock) 

Calcium 

polyphosphate 

(CPP) 

Soaking in PRP to promote 

construct-native tissue 

integration 

(Sermer et al. 2018) 

*BM-MSC: bone marrow mesenchymal stromal cells. AT-MSC: adipose derived mesenchymal stromal cells. SF-MSC: synovial 

fluid mesenchymal stromal cells. UC-MSC: umbilical cord mesenchymal stromal cells. ESC: embryonic stem cells. PRP: platelet 

rich plasma. PCL: poly-Ɛ-caprolactone. PEKK: polyetherketoneketone. RGD: arginine-glycine-aspartic acid. GFOGER: glycine-

phenylanine-hydroxyproline-glycine-glutamic acid-arginine. PEOT / PBT: poly(ethyleneoxide)-terephtalate / poly(butylene 

terephthalate). PEO: poly(ethylene oxide). PPO: poly(propylene oxide). CaP: calcium phosphate. PCLA: poly-caprolactone-co-

lactide. PEG: poly (ethylene glycol).  

Table A2 Cell sources, biomaterials and strategies used by various studies in the past 5 years to 

investigate cartilage regeneration. 
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Appendix 3: Type of evidence and limitations for studies 

 

Type of evidence Limitation Reference 

-Histological score 

-Macroscopical examination 

-µ-CT 

-Histomorphology 

-Subchondral bone assessment 

-Short term 

-Lack of evaluation of mechanical properties 

(Asen et al. 

2018) 

-Arthroscopy 

-Histological score 

-MRI 

-µ-CT 

-Subchondral bone assessment 

-Mechanical properties 

-Empty defect controls (Goodrich 

et al. 2016) 

-Macroscopical examination 

-Histological scores 

-GAG content 

-µ-CT 

-Subchondral bone cysts 

-Unequal level of regeneration between high weight-

bearing and low weight-bearing 

-Delayed degradation issues 

-Empty defect controls 

(Lin et al. 

2020) 

-Macroscopical examination 

-Histological score 

-Radiography 

-MRI 

-Mechanical properties 

-Long-term performance (two-

years) 

-Clinically relevant control 

group (microfracture) 

-No evidence for superior repair compared to a clinical 

standard  

(McCarrel 

et al. 2017) 

-Macroscopical examination 

-Histological score 

-µ-CT 

-Short term (Pfeifer et 

al. 2017) 
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-Clinically relevant control 

group (microfracture) 

-Subchondral bone assessment 

-Drug concentration in 

synovial fluid 

-Mechanical properties (in 

vitro) 

-Rheological properties (in 

vitro) 

-Lack of toxicity assay in vivo 

-Lack of assessment of OA markers in vivo  

(Prince et 

al. 2019) 

-Histological scores 

-µ-CT 

-Mechanical properties 

-ECM structural analysis 

-Biochemistry 

-Safety pre-evaluation (small 

animal) 

-Loss of mechanical properties over time (degradation 

issues) 

(Critchley 

et al. 2020) 

-Macroscopical examination 

-Histological scores 

-MRI and µ-CT 

-Lack of osteochondral mechanical properties 

-No control group with only therapeutic hydrogel 

(Empty defect controls)  

(Favreau et 

al. 2020) 

-Histological scores 

-Compatibility evaluation 

-Biochemical analysis 

-Genetic analysis 

-Different types of controls 

-Lack of evaluation of mechanical properties (Nie et al. 

2020) 

-Histological score 

-Macroscopical examination 

-Cell characterization (surface 

markers) 

-Short term (feasibility study) (Fernandes 

et al. 2018) 

-Macroscopical examination 

-Mechanical properties 

-Histology 

-µ-CT 

-Empty defect control 

-Short term 

(Friedman 

et al. 2018) 
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-Cell characterization (surface 

markers, differentiation) 

-Histology 

-Short term (feasibility) (Hindle et 

al. 2016) 

-Histological score 

-Clinical evaluation 

-Macroscopical examination 

-µ-CT 

-Empty defect control 

-Short term 

-Lack of evaluation of mechanical properties 

(Korthagen 

et al. 2019) 

-Histological score 

-Macroscopical examination 

-Lack of evaluation of mechanical properties (Vukasovic 

et al. 2019) 

-Histological score 

-Histomorphometry 

-Peripheral blood analysis 

-Lack of PRP optimization before in vivo treatment (Olesen et 

al. 2020) 

-Rheological analysis 

-Macroscopical examination 

-Histological scores 

-Histomorphometry 

-Subchondral bone assessment  

-ECM structural analysis 

-Molecular analysis 

-Lack of long term effectiveness evaluation (Madry et 

al. 2020) 

-Histological score 

-Histomorphology 

-Electron microscopy 

-Lack of evaluation of mechanical properties (Mumme et 

al. 2016) 

-Histological score 

-Histomorphology 

-Subchondral bone assessment 

-Short term evaluation (small animal) 

-Lack of evaluation in large animal 

(Gardner et 

al. 2019) 

-Macroscopical examination 

-Histology 

-Biochemical analysis 

-µ-CT 

-Mechanical properties 

-Underperformance of biomaterial used 

-Pilot study failed to identify issues before moving to a 

longer-term study. 

(Vindas 

Bolaños et 

al. 2017) 

-Gene expression 

-Cell characterization (surface 

markers, differentiation) 

-Lack of HA-only treatment (empty defect controls) 

-No MRI 

-Short term 

(Wu et al. 

2019) 
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-Macroscopical examination 

-Histological score 

-No male individuals 

-Macroscopical examination 

-Histomorphology  

-Fluorescent microscopy 

-Protein analysis  

-Short term (feasibility study) 

-Xenograft in small animal model 

(Zayed et 

al. 2018) 

Table A3 Types of evidence and limitations of different studies in clinical effectiveness for 

cartilage restoration. Short-term is considered as a duration of less than 6-months. Lack of 

mechanical analysis is not listed for “feasibility studies”.  
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Appendix 4: 

Table A4 Data obtained from the experiments for generation of the osteochondral constructs: a) 

culture efficacy, b) meniscus (flat surface) tests, c) Thickness (double layer), d) triple layered. 

Observations include macroscopic observation, wet mass, and histological staining for H&E and 

toluidine blue. Histology correspond to the worst looking replicates as the best replicates were 

used for double-indentation tests.  
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Cell 
population 

& 
conditions 

Wet 
mass 
(mg) 

Main 
observations 

Macroscopic 
image 

Histology  
(Toulidine blue) 

20x 

Histology  
(H&E) 

20x 

CB 1710 P4 
(n=3) 
(Previous 
protocol) 

NA Tissue did not grow 
by using this 
protocol for this cell 
population 

No image No tissue No tissue 

CB 1713 P5 
(n=2)   
(Previous 
protocol) 

10.80 1/2 of constructs 
generated tissue. 
Very thin cartilage 
layer. 

   
CB 1711 P5 
(n=2) 
(Previous 
protocol) 

23.87 All constructs 
formed tissues. 
Concave surface 
shape. 

   
CB 1711 P5 
(n=2) (surface 
tension) 

24.58 All constructs 
formed tissues. 
Concave surface 
shape. 
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CB 1711 P5 
(n=2) (double 
ROCKi) 

20.15 All constructs 
formed tissue. 
Concave surface 
and thin cartilage 
layer 

   
CB 1711 P5 
(n=2) 
(médium 
removal) 

20.70 All constructs 
formed tissue.  

   
CB 1713 P5 
(n=2) (surface 
tension) 

12.85 All constructs 
formed tissues. 
Surface shape highly 
uneven. 

   
CB 1713 P5 
(n=2) (double 
ROCKi) 

17.85 1/2 constructs 
formed tissues. 
Concave surface 
shape. 
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CB 1713 P5 
(n=2) 
(médium 
removal) 

16.08 All constructs 
formed tissue. 
Concave surface 
shape. 

   
CB 1708 P2 
(n=3) 
(Meniscus 
protocol) 

18.85 2/3 constructs 
formed tissue. Flat 
surface but thin 
cartilage layer 

   
CB 1710 P6 
(n=4) 
(Meniscus 
protocol) 

9.99 All constructs 
formed tissues. Flat 
surface but thin 
cartilage layer. 

   
CB 1808 P2 
(n=3) 
(Meniscus 
protocol) 

11.10 All constructs 
formed tissue. Flat 
surface but thin 
cartilage layer. 
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CB 1704 P5 
(n=2) 
(Thickness 
protocol; face 
down) 

11.00 All constructs 
formed tissue. 
Surface flat.  

   
CB 1704 P5 
(n=2) 
(Thickness 
protocol; face 
up) 

10.80 All constructs 
formed tissues. 
Surface uneven. 

   
CB 1703 (n=2) 
(Thickness 
protocol; face 
down)  

22.27 All constructs 
formed cartilage 

  
 

CB 1703 (n=3) 
(Thickness 
protocol; face 
up) 

17.57 2/3 constructs 
formed cartilage. 
The remaining 
construct formed an 
unorganized mass 
of tissue after 
seeding the second 
layer.   
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CB 1808 (n=2) 
(Thickness; 
face down) 

22.0 All constructs 
formed cartilage 

   

CB 1808 (n=2) 
(Thickness; 
face up) 

26.35 1/2 constructs 
formed cartilage. 
The remaining 
construct formed an 
unorganized mass 
of tissue after 
seeding the second 
layer.   

   

CB 1713 P3 
Control (n=2) 

24.40 All constructs 
formed tissue. 
Surface uneven. 

   
CB 1713 P3 2 
layers 
(1.5E6x2) 
(n=2) 

19.25 All constructs 
formed tissues. 
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CB 1713 P3 1 
layer (3E6) 
(n=1) 

19.45 Formed tissue, but 
also unorganized 
tissue on bottom. 

   
CB 1710 P5 2 
layers 
(1.5E6x2) 
(n=2) 

18.52 All constructs 
formed tissue. 

   
CB 1710 P5 1 
layer (3E6) 
(n=1) 

23.95 Surface was not 
even. 

   
CB 1811 P3 
Control (n=1) 

12.25 Meniscus on surface 
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CB 1811 P3 2 
layers 
(1.5E6x2) 
(n=1) 

30.80 Unorganized tissue 
formed at the 
bottom 

   
CB 1811 P3 1 
layer (3E6) 
(n=1) 

24.00 Tissue formed. CPP 
was damaged so 
tissue was not 
completely even. 

   
CB 1710 
P5,P6,P7 (tri-
layered) (n=3)  

47.30 Flat surface partially 
formed. 

 
  

CB 1803 
P5,P6,P7 (tri-
layered) (n=3) 

14.10 Flat surface partially 
formed. 

   
CB 1808 
P5,P6,P7 (tri-
layered) (n=3) 

24.05 Unorganized tissue 
formed at the top 
and bottom of 
construct 
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Appendix 5: Summarized results for the culture efficacy experiment, 

 

Seeding optimizing tests 

Optimization results Surface tension 
group 

Double ROCKi 
group 

Medium removal 
group 

Control group 

Wet mass (mg) 18.72 19.0 18.39 17.34 

Success rate (%) 100 75 100 42.8 

 

Statistical analysis for wet weight 

F-statistic value = 0.02526 

P-value = 0.99373 

Data summary 

Groups  N Mean Std. Dev. Std. Error 

Group 1 2 18.715 8.2944 5.865 

Group 2 2 19 1.6263 1.15 

Group 3 2 18.39 3.2668 2.31 

Group 4 2 17.335 9.2419 6.535 

 

ANOVA summary 

Source Degrees of 
freedom 

Sum of 
squares ss 

Mean square F-Stat P-value 

Between 
groups 

3 3.1743 1.0581 0.0253 0.9937 

Within groups 4 167.5266 41.8817   

total 7 170.7009    

 

No difference in wet masses among treatments. 
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Appendix 6: Summarized data for flat surface, double-layered and triple layered 

experiments (chapter 3). 

Flat surface: Wet Mass 

Cell Population Mass (mg) 

CB 1703 22.27 

CB 1704 11.00 

CB 1808 22.00 

Average 18.42 + 5.23 

 

Double-layer tests: thickness 

Cell source Thickness in mm (one 
layer)  

Thickness in mm (two 
layers), cartilage down  

Thickness in mm (two 
layers) cartilage up  

CB 1703 0.261 (n=1) 0.884 (n=2) 1.141 (n=2) 

CB 1704 0.333 (n=1) 0.957 (n=2) 0.559 (n=2) 

CB 1808 0.318 (n=1) 0.779 (n=2) 1.792 (n=1) 

Average 0.304 + 0.021 0.873 + 0.05 1.164 + 0.35 

 

Differences in wet mass: single layer vs double-layered face down 

UNPAIRED T-TEST RESULTS 

P value and statistical significance: 
  The two-tailed P value equals 0.3328 
  By conventional criteria, this difference is considered to be not statistically significant. 
 
Confidence interval: 
  The mean of meniscus minus 2 layers face down equals -5.1100 
  95% confidence interval of this difference: From -17.9985 to 7.7785 
 
Intermediate values used in calculations: 
  t = 1.1008 
  df = 4 
  standard error of difference = 4.642 
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Double-layered vs one layer (3E^6 cells) “layering test” 

Cell population Thickness in mm (two layers, 1.5 
x 10^6 cells) 

Thickness in mm (one layer, 3 x 
10^6 cells) 

CB 1710 P5 0.907 (n=2)  0.711 (n=1) 

CB 1713 P3 0.795 (n=1)  0.982 (n=1) 

CB 1811 P3 0.804 (n=1) 0.871 (n=1) 

Total 0.835 + 0.035 0.854 + 0.078 

 

 

 

One-way ANOVA with Bonferroni correction for thicknesses of (single (control) vs double 

“face-down” vs double “face-up” vs single (3 million cells). Thicknesses measured with ImageJ.  

A = Single layer (1.5 E6 cells) 

B = Double-layered “face down” 

C = Double-layered “face up” 

D = Single layer (3.0 E6 cells) 

 

Treatment A B C D 

 0.261 0.957 1.141 0.711 

 0.333 0.779 0.559 0.982 

 0.308 0.907 1.792 0.871 

  0.884   

  0.795   

  0.804   
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Descriptive statistics of independent treatments 

Treatment A B C D Pooled total 

n 3 6 3 3 15 

Sum Ʃ xi 0.9020 5.1260 3.4920 2.5640 12.0840 

Mean 0.3007 0.8543 1.1640 0.8547 0.8056 

Sum of squares 0.2739 4.4052 4.8256 2.2285 11.7332 

Sample variance 
S2 

0.0013 0.0052 0.3805 0.0186 0.1427 

Std. dev. s 0.0366 0.0720 0.6168 0.1362 0.3778 

Std. dev. Of 
mean S E 

0.0211 0.0294 0.3561 0.0787 0.0975 

 

 

One-way ANOVA 

source Sum of 
squares SS 

Degrees of 
freedom 

Mean square F statistic p-value 

Treatment 1.1717 3 0.3906 5.1971 0.0177 

Error 0.8267 11 0.0752   

total 1.9984 14    

 

 

 

Bonferroni and Holm results: only pairs relative to A simultaneously compared 

Treatments 
pair 

Bonferroni 
and Holm T-
statistic 

Bonferroni p-
value 

Bonferroni 
inference 

Holm p-value Holm 
inference 

A vs B 2.8563 0.0468625 Insignificant 0.0312416 *p<0.05 

A vs C 3.8571 0.0080002 ** p<0.01 0.0080002 **p<0.01 

A vs D 2.4751 0.0925256 insignificant 0.0308419 *p<0.05 
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Summarized results for mechanical tests (double – layered “face down”) 

*Thickness obtained from needle probe 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Thickness 
(mm) 

Poisson’s 
ratio (v) 

Compressive 
modulus (E) 
(MPa) 

Shear 
modulus (G) 
(MPa) 

Eq. modulus 
(kPa) 

1710 1.03 0.001 0.150 0.075 5.97 

1713 0.71 0.148 0.329 0.143 27.51 

1803 0.66 0.098 0.117 0.053 5.47 

1808 1.28 NA NA NA 10.75 

1811 0.63 0.112 0.352 0.158 15.82 

Average 0.86 + 0.13 0.089 + 
0.031 

0.237 + 0.060 0.107 + 0.025 13.10 + 4.06 
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Appendix 7: Fold change expression of GSK101 treated neocartilage (chapter 4). 

Cell 
line: 1801   1808   1810   1703   

Gene Fold change relative to MSC          

 DMSO 1nM 10nM DMSO 1nM 10nM DMSO 1nM 10nM DMSO 1nM 10nM 

Col1 1.4 228.1 4.7 1.2 1.0 0.5 0.50 4.0 1.4 2.5 1.2 1.9 

ColX 6.7 46.6 12.9 1.7 2.3 2.4 1.7 1.8 1.4 2.5 4.1 2.1 

RUNX2 12 191 22 6 8 15 3 3 6 3 4 4 

Col2 1585 85878 45 84 108 11 1791 3658 15 105973 23144 900 

ACAN 7 126315 1055 710 820 853 55 729 441 199 4487 425 

Sox9 1.7 551.3 6.2 0.7 1.3 0.7 0.8 3.8 1.6 2.5 4.1 0.6 

CREB1 0.2 6.9 0.2 0.6 0.6 0.4 0.3 1.0 0.6 0.9 0.9 0.5 

PP2A 0.5 74.2 0.6 0.3 0.3 0.2 0.4 1.5 0.7 1.1 0.7 0.8 

PTK2 0.3 21.9 0.2 1.2 0.4 0.3 0.2 0.5 0.6 2.4 1.5 2.0 

VCL 6.7 223.4 12.9 3.2 2.7 2.4 0.32 0.6 0.5 0.1 0.2 0.4 

ALP 0.6 18.1 0.4 8.3 106.6 2.4 172.4 13.5 81.2 2.6 3.0 3.2 

MMP13 21 272 25 67.9 51.4 16.9 15.1 22.6 236.7 399 534 214 

MMP1 323 608 1671 5.0 16.4 8.6 1.7 8.3 36.8 27 1368 89 

MMP3 1611 1702 4782 3.5 17.6 16.4 2.0 26.5 190.0 1249 21794 422 
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 1704   1707   1713   1811   

Gene             

 DMSO 1nM 10nM DMSO 1nM 10nM DMSO 1nM 10nM DMSO 1nM 10nM 

Col1 6.3 0.8 0.89 3.04 2.8 4.1 3.91 1.9 2.4 0.82 0.1 1.18 

ColX 2.1 1.4 0.7 1.6 2.1 2.6 6.6 9.1 5.2 0.5 5.5 11.6 

RUNX2 5 6 1 12 20 17 11 12 13 3 4 21 

Col2 26 5 221 1684 38 124 40591 46 1930 394 29 12 

ACAN 153 269 164 20 915 218 148 444 2147 2 5 12 

Sox9 3.4 0.3 0.2 0.5 1.1 0.6 3.4 0.5 0.9 0.5 5.5 11.6 

CREB1 1.1 0.2 0.2 1.3 1.2 1.1 0.8 0.9 0.8 1.5 1.0 1.7 

PP2A 1.6 1.42 0.2 1.3 0.6 0.9 1.2 0.3 0.2 0.3 0.1 0.2 

PTK2 4.0 0.4 0.5 0.9 1.0 0.5 0.9 0.6 0.7 0.5 1.4 4.3 

VCL 0.3 0.02 0.2 0.4 0.2 0.2 0.03 0.03 0.02 0.6 1.9 5.7 

ALP 2.1 2.0 1.0 12.3 13.6 14.0 0.5 0.8 0.4 7.1 7.7 5.7 

MMP13 352 254 61 373 200 65 143 38 126 4 2 17 

MMP1 2.1 1.4 15.3 9.2 13.6 62.9 17.1 246.7 16.8 0.6 1.9 5.7 

MMP3 33.7 6.1 13.5 5.8 18.5 264.0 82.6 1133.6 77.1 13.3 222.5 49.3 
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1809   1711   

      

DMSO 1nM 10nM DMSO 1nM 10nM 

0.8 1.6 0.1 2.2 7.4 1.7 

0.2 1.2 16.5 1.7 0.7 2.4 

0.2 872.8 16.5 2.2 1.6 3.9 

579 1252 973 13039 6 63 

27.4 394.2 27533 123 757 2 

0.02 0.3 55.80 4.7 5.1 2.4 

0.04 0.26 72.78 3.1 1.3 1.3 

0.02 0.08 53.40 0.8 1.0 0.3 

11.1 8.1 1.3 3.3 1.2 1.2 

0.00 0.01 23 0.19 0.94 0.53 

75.1 25.57 7.6 11.6 1.2 3.3 

4.5 1.67 57.8 5 3 28 

0.16 6.9 578 1.5 0.7 2.4 

0.24 123.0 3450 7.6 61.6 18.8 
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Appendix 8: Summary of biochemical content TRPV4 study 

 

GAG RESULTS    

Cell line Treatment   

 DMSO GSK RN1734 GSK+RN 

1809 882.523 1179.09 347.4383 1032.62 

1713 622.530 1072.423 865.86 770.33 

1710 919.667 1585.993 708.8133 673.70 

1711 538.327 1283.353 369.5133 566.82 

1808 709.567 1128.52 828.4333 764.32 

     

Average 734.5227 1249.876 624.0117 761.5591 

     

DNA RESULTS    

Cell line Treatment   

 DMSO GSK RN1734 GSK+RN 

1809 31.06 33.06 32.21333 33.1 

1713 29.13333 30.63 25.47 32.32 

1710 33.68 29.395 20.49 23.565 

1711 26.8725 46.89 26.95 42.38 

1808 32.02667 28.96 33.65333 35.44 

     

Average 30.5545 33.787 27.75533 33.361 

     

     

COLLAGEN RESULTS    

Cell line Treatment   

 DMSO GSK RN1734 GSK+RN 

1809 414.5 840.1 357.65 418.21 

1713 918.9 584.1 436.5 1025.70 

1710 301.8 1220.8 218.1 767.3 

1711 544.7 281.9 863.2 1178.9 

1808 1010.5 641.1 830.1 519.9 

     

Average 638.08 713.6 541.11 782.202 

 

GAG/DNA    

Cell line Treatment   

 DMSO GSK RN1734 GSK+RN 

1809 28.4135 35.66515 10.78554 31.19689 

1713 21.36831 35.01219 33.99529 23.83457 
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1710 27.30602 53.95452 34.59313 28.58901 

1711 20.03262 27.36944 13.71107 13.37478 

1808 22.1555 38.96823 24.61668 21.56664 

     

Average 23.9 38.2 23.5 23.7 

 

Collagen/DNA     

Cell line Treatment   

 DMSO GSK RN1734 GSK+RN 

1809 13.3 25.4 10.80 13.0 

1713 31.5 19.1 13.50 40.3 

1710 9.0 41.5 9.30 37.4 

1711 20.3 6.0 20.40 43.8 

1808 31.6 22.1 23.40 15.4 

     

Average 21.1 22.8 15.5 30.0 
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Appendix 9: Stress-strain of neocartilage from sequential step unconfined compression 

(2%-10%) treated with GSK101 or DMSO (chapter 4).  

 

 

GSK101 
Strain 
(mm/mm) 0.02 0.04 0.06 0.08 0.1 

1710 Stress (kPa) 0.187189 0.207412 0.217479 0.227012 0.243012 

1711  0.20742 0.246143 0.283299 0.321553 0.363907 

1713  0.129978 0.18775 0.25434 0.327605 0.433339 

1808  0.154889 0.176682 0.19413 0.212293 0.239961 

1809  0.14195 0.160799 0.1953 0.24839 0.295525 

Mean  0.164285 0.195757 0.22891 0.267371 0.315149 

       

       

DMSO 
Strain 
(mm/mm) 0.02 0.04 0.06 0.08 0.1 

1710 Stress (kPa) 0.008364 0.020113 0.033681 0.052827 0.065992 

1711  0.190727 0.217251 0.251218 0.286778 0.329825 

1713  0.124302 0.164007 0.217251 0.254774 0.288306 

1808  0.181795 0.193575 0.210048 0.22292 0.249939 

1809  0.196029 0.258223 0.317118 0.386681 0.516539 

Mean  0.140243 0.170634 0.205863 0.240796 0.29012 
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Appendix 10: T-test stress-strain (chapter 4). 

 

Table Analyzed Stress-strain 

  

Column B GSK101 

vs. vs. 

Column A DMSO  

Paired t test  

  P value < 0.001 

  P value summary *** 

  Significantly different? (P < 0.05) Yes 

  One- or two-tailed P value? Two-tailed 

  t, df t=42.01 df=4 

  Number of pairs 5  

How big is the difference?  

  Mean of differences 0.02476 

  SD of differences 0.001318 

  SEM of differences 0.0005894 

  95% confidence interval 0.02313 to 0.02640 

  R square 0.9977  

How effective was the pairing?  

  Correlation coefficient (r) 0.9998 

  P value (one tailed) < 0.0001 

  P value summary **** 

  Significant correlation? (P > 0.05) No 
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Appendix 11: Summary of double indentation results of neocartilage sheets for the TRPV4 

study (chapter 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Thickness 
(mm) 

Poisson’s ratio 
(v) 

Compressive 
modulus (E) 
(MPa) 

Shear modulus 
(G) (MPa) 

Eq. modulus 
(kPa) 

1710 GSK101  0.42 0.17364 0.3853 0.164 0.656 

1711 GSK101 0.76 0.07015 0.5345 0.250 1.94 

1713 GSK101 1.01 0.008925 0.6801 0.337 3.73 

1808 GSK101 0.45 0.15358 0.4381 0.190 1.0288 

1809 GSK101 0.96 0.03447 0.5083 0.246 1.97 

Average 0.72 + 0.12 0.088 + 0.032 0.51 + 0.05 0.24 + 0.03 1.86 + 0.53 

 Thickness 
(mm) 

Poisson’s ratio 
(v) 

Compressive 
modulus (E) 
(MPa) 

Shear modulus 
(G) (MPa) 

Eq. modulus 
(kPa) 

1710 DMSO 0.31 0.25699 0.2192 0.087 0.7398 

1711 DMSO 0.92 0.05089 0.3206 0.153 1.74 

1713 DMSO 1.06 0.000202 0.4151 0.207 2.09 

1808 DMSO 0.33 0.21283 0.3731 0.154 0.83 

1809 DMSO 0.99 0.062 0.2896 0.136 3.85 

Average 0.72 + 0.17 0.117 + 0.050 0.32 + 0.03 0.15 + 0.02 1.85 + 0.56 
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Appendix 12: Negative (IgG) controls for TRPV4 treated neocartilage sheets. Dilution of 

IgG was the same used for type-II and type-I antibodies. Negative control for native 

articular cartilage stained with (IgG) is shown for reference. 

 

Native articular cartilage (stifle) 

Type-II collagen (-) 

   

 

GSK101 

Type-II collagen (-)                                           Type-I collagen (-) 

               

 

 

 

 

 

 

Continues on the next page 
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DMSO 

Type-II collagen (-)                                                  Type-I collagen (-)                      

                   

 

GSK101+RN1734 

Type-II collagen (-)                                            Type-I collagen (-) 

                                                No Image 

 

RN1734 

Type-II collagen (-)                                      Type-I collagen (-) 
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Appendix 13: Biochemical content of horse native regions (chapter 2). 

 

Patellar 
groove 

Lateral 
trochlea 

Medial 
condyle 

1201.4 1144.7 2008.6 

1121.7 482.1 1815.8 

743.2 728.2 1135.4 

1022.1 785.0 1653.3 

   

   
Patellar 
groove 

Lateral 
trochlea 

Medial 
condyle 

87.9 109.0 69.7 

33.4 70.3 28.5 

23.8 24.9 23.6 

48.4 68.1 40.6 

   
Patellar 
groove 

Lateral 
trochlea 

Medial 
condyle 

2513.2 4418.6 8126.1 

1046.2 4041.1 4486.8 

1256.5 1516.7 2288.1 

1605.3 3325.4 4967.0 

 

GAG/DNA CONTENT    

 

Patellar 
groove 

Lateral 
trochlea 

Medial 
condyle 

Horse 1 13.7 10.5 28.8 

Horse 2 33.6 6.9 63.8 

Horse 3 31.2 29.3 48.2 

Average 26.2 15.5 46.9 

    
COLLAGEN/DNA 
CONTENT    

 

Patellar 
groove 

Lateral 
trochlea 

Medial 
condyle 

Horse 1 28.6 40.5 116.7 

Horse 2 31.4 57.5 157.6 

Horse 3 52.7 60.9 97.1 

Average 37.6 53.0 123.8 
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COLLAGEN/GAG RATIO    

 

Patellar 
groove 

Lateral 
trochlea 

Medial 
condyle 

Horse 1 2.1 3.9 4.0 

Horse 2 0.9 8.4 2.5 

Horse 3 1.7 2.1 2.0 

Average 1.6 4.8 2.8 

    

pooled mean 3.1   
 

Relative change   

   

GAG/DNA    

Patellar groove 
Lateral 
condyle Medial condyle 

-0.890686988 -0.91597749 -0.769327821 

-0.730924937 -0.945127466 -0.489852385 

-0.750592841 -0.765935449 -0.614617452 

   

Control 125  
COLLAGEN/DNA   

Patellar groove 
Lateral 
condyle Medial condyle 

-0.795824126 -0.710412807 -0.16675485 

-0.775930606 -0.589367684 0.125498558 

-0.623519895 -0.564753487 -0.306588278 

   

Control 140  

   
COLLAGEN/GAG 
RATIO   

Patellar groove 
Lateral 
condyle Medial condyle 

0.867809429 2.446542974 2.612248139 

-0.167260646 6.483385316 1.206221346 

0.509499997 0.859514873 0.799281584 

   

Control 1.12  
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Appendix 14: Statistical analysis GAG, collagen, collagen/GAG content for native joint 

regions (chapter 2). 

     

Table Analyzed GAG/DNA content     

      

Repeated measures ANOVA summary      

  Assume sphericity? No     

  F 6.098     

  P value 0.1318     

  P value summary ns     

  Statistically significant (P < 0.05)? No     

  Geisser-Greenhouse's epsilon 0.5018     

  R square 0.7530     

      

Was the matching effective?      

  F 2.552     

  P value 0.1930     

  P value summary ns     

  Is there significant matching (P < 0.05)? No     

  R square 0.2396     

      

ANOVA table SS DF MS F (DFn, DFd) P value 

  Treatment (between columns) 1527 2 763.7 F (1.004, 2.007) = 6.098 P = 0.1318 

  Individual (between rows) 639.3 2 319.6 F (2, 4) = 2.552 P = 0.1930 

  Residual (random) 501.0 4 125.3   

  Total 2668 8    

      

Data summary      

  Number of treatments (columns) 3     

  Number of subjects (rows) 3  

Continues on the next page 

         



 
 

208 
 

Number of families 1        

Number of comparisons per family 3        

Alpha 0.05        

         

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary  

   

         

  Patellar groove vs. Lateral trochlea 10.60 -36.87 to 58.07 No ns     

  Patellar groove vs. Medial condyle -20.77 -48.74 to 7.205 No ns     

  Lateral trochlea vs. Medial condyle -31.37 -106.6 to 43.85 No ns     

         

         

Test details Mean 1 Mean 2 Mean Diff. SE of diff. n1 n2 q DF 

         

  Patellar groove vs. Lateral trochlea 26.17 15.57 10.60 8.059 3 3 1.860 2 

  Patellar groove vs. Medial condyle 26.17 46.93 -20.77 4.748 3 3 6.185 2 

  Lateral trochlea vs. Medial condyle 15.57 46.93 -31.37 12.77 3 3 3.474 2 

------------------------------------------------------------------------------------------------------------------------------------------ 

Table Analyzed Relative change GAG/DNA     

      

ANOVA summary      

  F 4.029     

  P value 0.0778     

  P value summary ns     

  Are differences among means statistically significant? (P < 0.05) No     

  R square 0.5732         

Brown-Forsythe test      

  F (DFn, DFd) 0.2194 (2, 6)     

  P value 0.8092     

  P value summary ns     

  Significantly different standard deviations? (P < 0.05) No     

     Continues on the next page 
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Bartlett's test      

  Bartlett's statistic (corrected)      

  P value      

  P value summary      

  Significantly different standard deviations? (P < 0.05)      

      

ANOVA table SS DF MS F (DFn, DFd) P value 

  Treatment (between columns) 0.09786 2 0.04893 F (2, 6) = 4.029 P = 0.0778 

  Residual (within columns) 0.07287 6 0.01215   

  Total 0.1707 8    

      

Data summary      

  Number of treatments (columns) 3     

  Number of values (total) 9     

         

Number of families 1        

Number of comparisons per family 3        

Alpha 0.05        

         

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary  

          

  Patellar groove vs. Lateral trochlea 0.08495 -0.1911 to 0.3610 No ns     

  Patellar groove vs. Medial condyle -0.1661 -0.4422 to 0.1100 No ns     

  Lateral trochlea vs. Medial condyle -0.2511 -0.5272 to 0.02501 No ns   

             

    

Test details Mean 1 Mean 2 Mean Diff. SE of diff. n1 n2 q DF 

         

  Patellar groove vs. Lateral trochlea -0.7907 -0.8757 0.08495 0.08998 3 3 1.335 6 

  Patellar groove vs. Medial condyle -0.7907 -0.6246 -0.1661 0.08998 3 3 2.611 6 

  Lateral trochlea vs. Medial condyle -0.8757 -0.6246 -0.2511 0.08998 3 3 3.946 6 

 

Continues on the next page 
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--------------------------------------------------------------------------------------------------------------------------------------- 

Table Analyzed Collagen/DNA content     

      

Repeated measures ANOVA summary      

  Assume sphericity? No     

  F 13.56     

  P value 0.0650     

  P value summary ns     

  Statistically significant (P < 0.05)? No     

  Geisser-Greenhouse's epsilon 0.5074     

  R square 0.8715     

      

Was the matching effective?      

  F 0.6633     

  P value 0.5639     

  P value summary ns     

  Is there significant matching (P < 0.05)? No     

  R square 0.04088     

      

ANOVA table SS DF MS F (DFn, DFd) P value 

  Treatment (between columns) 12691 2 6345 F (1.015, 2.030) = 13.56 P = 0.0650 

  Individual (between rows) 620.7 2 310.3 F (2, 4) = 0.6633 P = 0.5639 

  Residual (random) 1871 4 467.9   

  Total 15183 8    

      

Data summary      

  Number of treatments (columns) 3     

  Number of subjects (rows) 3          

Number of families 1        

Number of comparisons per family 3        

Alpha 0.05        

        Continues on the next page 
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Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary  

          

  Patellar groove vs. Lateral trochlea -15.40 -47.54 to 16.74 No ns     

  Patellar groove vs. Medial condyle -86.23 -225.4 to 52.98 No ns     

  Lateral trochlea vs. Medial condyle -70.83 -180.6 to 38.97 No ns     

         

         

Test details Mean 1 Mean 2 Mean Diff. SE of diff. n1 n2 q DF 

         

  Patellar groove vs. Lateral trochlea 37.57 52.97 -15.40 5.456 3 3 3.992 2 

  Patellar groove vs. Medial condyle 37.57 123.8 -86.23 23.63 3 3 5.160 2 

  Lateral trochlea vs. Medial condyle 52.97 123.8 -70.83 18.64 3 3 5.374 2 

----------------------------------------------------------------------------------------------- --------------------------------------------- 

Table Analyzed Relative collagen/DNA     

      

ANOVA summary      

  F 15.26     

  P value 0.0044     

  P value summary **     

  Are differences among means statistically significant? (P < 0.05) Yes     

  R square 0.8357     

      

Brown-Forsythe test      

  F (DFn, DFd) 0.7747 (2, 6)     

  P value 0.5020     

  P value summary ns     

  Significantly different standard deviations? (P < 0.05) No     

      

Bartlett's test      

  Bartlett's statistic (corrected)      

  P value      

Continues on the next page 
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  P value summary      

  Significantly different standard deviations? (P < 0.05)      

      

ANOVA table SS DF MS F (DFn, DFd) P value 

  Treatment (between columns) 0.6470 2 0.3235 F (2, 6) = 15.26 P = 0.0044 

  Residual (within columns) 0.1272 6 0.02119   

  Total 0.7741 8    

      

Data summary      

  Number of treatments (columns) 3     

  Number of values (total) 9  

Number of families 1        

Number of comparisons per family 3        

Alpha 0.05        

         

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary  

           

  Patellar groove vs. Lateral trochlea -0.1102 -0.4749 to 0.2545 No ns     

  Patellar groove vs. Medial condyle -0.6158 -0.9805 to -0.2511 Yes **   

  

  Lateral trochlea vs. Medial condyle -0.5056 -0.8703 to -0.1409 Yes *   

         

         

Test details Mean 1 Mean 2 Mean Diff. SE of diff. n1 n2 q DF 

         

  Patellar groove vs. Lateral trochlea -0.7318 -0.6215 -0.1102 0.1189 3 3 1.312 6 

  Patellar groove vs. Medial condyle -0.7318 -0.1159 -0.6158 0.1189 3 3 7.327 6 

  Lateral trochlea vs. Medial condyle -0.6215 -0.1159 -0.5056 0.1189 3 3 6.015 6 

 

 

      

Continues on the next page 
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Table Analyzed Collagen/GAG ratio     

      

Repeated measures ANOVA summary      

  Assume sphericity? No     

  F 1.804     

  P value 0.3088     

  P value summary ns     

  Statistically significant (P < 0.05)? No     

  Geisser-Greenhouse's epsilon 0.5347     

  R square 0.4743     

      

Was the matching effective?      

  F 0.7160     

  P value 0.5422     

  P value summary ns     

  Is there significant matching (P < 0.05)? No     

  R square 0.1584     

      

ANOVA table SS DF MS F (DFn, DFd) P value 

  Treatment (between columns) 15.93 2 7.963 F (1.069, 2.139) = 1.804 P = 0.3088 

  Individual (between rows) 6.320 2 3.160 F (2, 4) = 0.7160 P = 0.5422 

  Residual (random) 17.65 4 4.413   

  Total 39.90 8    

      

Data summary      

  Number of treatments (columns) 3     

  Number of subjects (rows) 3  

         

Number of families 1        

Number of comparisons per family 3        

Alpha 0.05        

Continues on the next page 
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Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary  

   

         

  Patellar groove vs. Lateral trochlea -3.233 -16.02 to 9.557 No ns     

  Patellar groove vs. Medial condyle -1.267 -4.159 to 1.626 No ns     

  Lateral trochlea vs. Medial condyle 1.967 -9.623 to 13.56 No ns     

         

         

Test details Mean 1 Mean 2 Mean Diff. SE of diff. n1 n2 q DF 

         

  Patellar groove vs. Lateral trochlea 1.567 4.800 -3.233 2.171 3 3 2.106 2 

  Patellar groove vs. Medial condyle 1.567 2.833 -1.267 0.4910 3 3 3.648 2 

  Lateral trochlea vs. Medial condyle 4.800 2.833 1.967 1.968 3 3 1.414 2 

 

----------------------------------------------------------------------------------------------------------------------------- -------------- 

    

Table Analyzed Relative collagen/GAG ratio     

      

ANOVA summary      

  F 1.946     

  P value 0.2231     

  P value summary ns     

  Are differences among means statistically significant? (P < 0.05) No     

  R square 0.3935     

      

Brown-Forsythe test      

  F (DFn, DFd) 1.263 (2, 6)     

  P value 0.3485     

  P value summary ns     

  Significantly different standard deviations? (P < 0.05) No     

      

Bartlett's test      

  Bartlett's statistic (corrected)      
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  P value      

  P value summary      

  Significantly different standard deviations? (P < 0.05)      

      

ANOVA table SS DF MS F (DFn, DFd) P value 

  Treatment (between columns) 12.44 2 6.220 F (2, 6) = 1.946 P = 0.2231 

  Residual (within columns) 19.18 6 3.196   

  Total 31.62 8    

      

Data summary      

  Number of treatments (columns) 3     

  Number of values (total) 9  

         

Number of families 1        

Number of comparisons per family 3        

Alpha 0.05        

         

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary  

          

  Patellar groove vs. Lateral trochlea -2.860 -7.339 to 1.619 No ns     

  Patellar groove vs. Medial condyle -1.136 -5.615 to 3.343 No ns     

  Lateral trochlea vs. Medial condyle 1.724 -2.755 to 6.203 No ns    

             

    

Test details Mean 1 Mean 2 Mean Diff. SE of diff. n1 n2 q DF 

         

  Patellar groove vs. Lateral trochlea 0.4033 3.263 -2.860 1.460 3 3 2.771 6 

  Patellar groove vs. Medial condyle 0.4033 1.539 -1.136 1.460 3 3 1.101 6 

  Lateral trochlea vs. Medial condyle 3.263 1.539 1.724 1.460 3 3 1.670 6 
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Appendix 15: Statistical analysis data for properties from double-indentation test for 

equine benchmarks (chapter 2). 

 

Thickness 

      

Number of families 1     

Number of comparisons per family 5     

Alpha 0.05     

      

Dunn's multiple comparisons test 
Mean rank 
diff. Significant? Summary   

      

  Control vs. Lateral femoral condyle 1 No ns   

  Control vs. Medial femoral condyle 0 No ns   

  Control vs. Lateral trochlea -0.5 No ns   

  Control vs. Medial trochlea 4.5 No ns   

  Control vs. Patellar groove 1 No ns   

      

      

Test details Mean rank 1 
Mean rank 
2 

Mean rank 
diff. n1 n2 

      

  Control vs. Lateral femoral condyle 7.5 6.5 1 2 2 

  Control vs. Medial femoral condyle 7.5 7.5 0 2 2 

  Control vs. Lateral trochlea 7.5 8 -0.5 2 2 

  Control vs. Medial trochlea 7.5 3 4.5 2 2 

  Control vs. Patellar groove 7.5 6.5 1 2 2 

 

--------------------------------------------------------------------------------------------------------------------- 

Poisson’s ratio (v) 

 

      

Number of families 1     
Number of comparisons per 
family 5     

Alpha 0.05     

      

Dunn's multiple comparisons test 
Mean rank 
diff. Significant? Summary   
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  Control vs. Lateral femoral 
condyle 0 No ns   
  Control vs. Medial femoral 
condyle 0 No ns   

  Control vs. Lateral trochlea 0.5 No ns   

  Control vs. Medial trochlea 0 No ns   

  Control vs. Patellar groove -0.5 No ns   

      

      

Test details Mean rank 1 
Mean rank 
2 

Mean rank 
diff. n1 n2 

      
  Control vs. Lateral femoral 
condyle 6.5 6.5 0 2 2 

  Control vs. Medial femoral 
condyle 6.5 6.5 0 2 2 

  Control vs. Lateral trochlea 6.5 6 0.5 2 2 

  Control vs. Medial trochlea 6.5 6.5 0 2 2 

  Control vs. Patellar groove 6.5 7 -0.5 2 2 

 

-------------------------------------------------------------------------------------------------------------------- 

Compressive modulus (E) 

 

      

Number of families 1     
Number of comparisons per 
family 5     

Alpha 0.05     

      

Dunn's multiple comparisons test 
Mean rank 
diff. Significant? Summary   

      
  Control vs. Lateral femoral 
condyle 0.5 No ns   
  Control vs. Medial femoral 
condyle -1.5 No ns   

  Control vs. Lateral trochlea 0.5 No ns   

  Control vs. Medial trochlea 2 No ns   

  Control vs. Patellar groove 4.5 No ns   

      

      

Test details Mean rank 1 
Mean rank 
2 

Mean rank 
diff. n1 n2 
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  Control vs. Lateral femoral 
condyle 7.5 7 0.5 2 2 

  Control vs. Medial femoral 
condyle 7.5 9 -1.5 2 2 

  Control vs. Lateral trochlea 7.5 7 0.5 2 2 

  Control vs. Medial trochlea 7.5 5.5 2 2 2 

  Control vs. Patellar groove 7.5 3 4.5 2 2 

 

--------------------------------------------------------------------------------------------------------------------- 

Shear modulus (G) 

      

Number of families 1     
Number of comparisons per 
family 5     

Alpha 0.05     

      

Dunn's multiple comparisons test 
Mean rank 
diff. Significant? Summary   

      
  Control vs. Lateral femoral 
condyle 0.5 No ns   
  Control vs. Medial femoral 
condyle -1.5 No ns   

  Control vs. Lateral trochlea 0.5 No ns   

  Control vs. Medial trochlea 2 No ns   

  Control vs. Patellar groove 4.5 No ns   

      

      

Test details Mean rank 1 
Mean rank 
2 

Mean rank 
diff. n1 n2 

      
  Control vs. Lateral femoral 
condyle 7.5 7 0.5 2 2 

  Control vs. Medial femoral 
condyle 7.5 9 -1.5 2 2 

  Control vs. Lateral trochlea 7.5 7 0.5 2 2 

  Control vs. Medial trochlea 7.5 5.5 2 2 2 

  Control vs. Patellar groove 7.5 3 4.5 2 2 
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Appendix 16 Standard Operating Procedures, deviations, out-of-specification and root 

cause analysis reports 

SOP #1 MSC Expansion medium 

 

 

   

   

   

   

   

 
 

 

SOP Deviations 

Planned deviations: 

MSC expansion medium was modified to reduce the percentage of fetal bovine serum (FBS). 

- Original process included the use of 150 ml of FBS per 500 ml of medium. 

- New process allows to use of 50 ml of FBS per 500 ml of medium. 

- Reasons of deviation are the potential unknown effects of FBS, batch variability and 

can promote cell contraction (see SOP #5). 

- Approval by SL and TK. 

 

Unplanned deviations and non-conformance 

None to report 
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SOP #2 MSC Expansion medium 

 

 

   

   

   

   

   

 
 

 

SOP Deviations 

Planned deviations: 

MSC expansion medium (10%) was modified enhance MSC proliferation, by adding 1ng/ml of 

human fibroblast growth factor 2 (Fgf2). See SOP #3 
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SOP #3 MSC Expansion medium (10%) + bFGF2 

April 18, 2017 

 

It has been reported that FGF2 improve chondrogenic differentiation when added during MSC 

expansion. FGF2 1ng/ml was incorporated during MSC expansion for all objectives and groups. 

References 

Cheng T, Yang C, Weber N, Kim HT, Kuo AC. Fibroblast growth factor 2 enhances the kinetics of 
mesenchymal stem cell chondrogenesis. Biochemical and biophysical research communications. 2012 
Oct 5;426(4):544-50. 

Handorf AM, Li WJ. Fibroblast growth factor-2 primes human mesenchymal stem cells for enhanced 
chondrogenesis. PloS one. 2011 Jul 27;6(7):e22887. 

Cucchiarini M, Ekici M, Schetting S, Kohn D, Madry H. Metabolic activities and chondrogenic 
differentiation of human mesenchymal stem cells following recombinant adeno-associated virus–
mediated gene transfer and overexpression of fibroblast growth factor 2. Tissue Engineering Part A. 2011 
Aug 1;17(15-16):1921-33. 

Stewart AA, Byron CR, Pondenis H, Stewart MC. Effect of fibroblast growth factor-2 on equine 
mesenchymal stem cell monolayer expansion and chondrogenesis. American journal of veterinary 
research. 2007 Sep;68(9):941-5. 

Hagmann S, Moradi B, Frank S, Dreher T, Kämmerer PW, Richter W, Gotterbarm T. FGF‐2 addition 
during expansion of human bone marrow‐derived stromal cells alters MSC surface marker distribution 
and chondrogenic differentiation potential. Cell Proliferation. 2013 Aug;46(4):396-407. 

Jenniskens YM, Koevoet W, de Bart AC, Weinans H, Jahr H, Verhaar JA, DeGroot J, van Osch GJ. 
Biochemical and functional modulation of the cartilage collagen network by IGF1, TGFβ2 and FGF2. 
Osteoarthritis and Cartilage. 2006 Nov 1;14(11):1136-46. 

Itokazu M, Wakitani S, Mera H, Tamamura Y, Sato Y, Takagi M, Nakamura H. Transplantation of 
scaffold-free cartilage-like cell-sheets made from human bone marrow mesenchymal stem cells for 
cartilage repair: a preclinical study. Cartilage. 2016 Oct;7(4):361-72. 

Narcisi R, Cleary MA, Brama PA, Hoogduijn MJ, Tüysüz N, ten Berge D, van Osch GJ. Long-term 
expansion, enhanced chondrogenic potential, and suppression of endochondral ossification of adult 
human MSCs via WNT signaling modulation. Stem cell reports. 2015 Mar 10;4(3):459-72. 

 

Preparation  
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5 ul of FGF2 (25 ug/ml; final 1 ng/ml) -20 freezer Sigma 
F0291 

  
 

 

 

Recombinant human basic FGF2 (Cat# Sigma F0291) was handled, reconstituted, and stored as 

instructed by the manufacturer: 

 

 

 

6 Fibroblast Growth Factor-Basic human, 
recombinant expressed in E. Coli 

Catalog Number F0291 

Storage Temperature –20 °C 

CAS RN 106096-93-9 

Synonyms: bFGF; FGF2 

7 Product Description 

Fibroblast Growth Factor-Basic (bFGF) is a potent mitogenic agent for a wide variety of mesoderm-

derived cells including BALB/c 3T3 fibroblasts, capillary and endocardial endothelial cells, myoblasts, 

vascular smooth muscle cells, mesothelial cells, glial and astroglial cells, and adrenal cortex cells.1,2 

Fibroblast Growth Factor-Acidic (aFGF) and bFGF share a 55% homology in amino acid sequence,3 and 
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act upon the same cellular receptors but with differing specific activities, depending on the cell type.4 

These two mitogens may play important roles in vivo in cell proliferation and differentiation associated 

with embryogenesis, tissue regeneration, CNS development, wound healing, angiogenesis, and tumor 

progression.2 Since bFGF is found in a variety of organs, acts on a wide range of cell types, and has 

multifunctional actions, it has acquired numerous synonyms, including heparin-binding growth factor 

(class II or beta), eye-derived growth factor I, cartilage-derived growth factor, and astroglial growth 

factor II.5 Purified bovine and human bFGF differ by 3 amino acids in sequence6 and are biologically and 

immunologically cross-reactive.   

This human, recombinant bFGF product is expressed by E. coli as a 16.0 kDa polypeptide with a 146 

amino acid sequence derived from the clone described in the literature.7 It is lyophilized from 20 mM 

Tris and 1 M NaCl, pH 7.0, containing 50 µg bovine serum albumin (BSA) per 1 µg bFGF. 

Purity: ≥97% (SDS-PAGE) 

EC50: 0.05–0.6 ng/ml 

The bioactivity of bFGF was measured in a fluorometric assay using the redox sensitive dye, resazurin. 

The EC50 is defined as the effective concentration of growth factor that elicits a 50% increase in cell 

growth in a cell based bioassay. 

8 Precautions and Disclaimer  

This product is for R&D use only, not for drug, household, or other uses. Please consult the Material 

Safety Data Sheet for information regarding hazards and safe handling practices.   

9 Preparation Instructions  

Reconstitute the product using 0.2 µm filtered 20 mM  

Tris, pH 7.0, to prepare a stock solution of ≥25 µg/ml.  This stock solution may be diluted immediately 

before use to the final working concentration. Additional filtration is not recommended and may result 

in product loss due to adsorption onto the filter membrane. 

Storage/Stability Store the product at –20 °C. 

After reconstitution, the product may be stored for a maximum of two weeks at 2–8 °C or may be 

stored in aliquots at –20 °C for a maximum of 6 months.  Prolonged storage of product or repeated 

freezing and thawing is not recommended. 
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MSC expansion medium was modified to improve expansion and chondrogenesis. 

- Original process did not use bFGF2. 

- New process allows to use 1 ng/ml of bFGF2. 

- Reasons of deviation MSC population present donor to donor variation, resulting in 

some samples with low pellet size and poor ECM content. Modification was done in 

an attempt to minimize these issues. 

- Result of deviation No adverse effect observed. Number of days to achieve 70% was 

1-2 days faster than expansion without bFGF2. However, determination of population 

doubling times are advised for future use. 

- Approval by CLJ  

 

 

Process validation of SOP: 

 

Prospective validation: 

- Population doubling time 

- Surface markers change 

- Histological and immuno-histological examination 

- Collagen deposition and mechanical analysis 

Concurrent validation: 

- Observation of confluencies 

- Population doubling time 

- High density culture (pellet) histology 
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Images courtesy of Sarah Lepage 

  

CB 1708 p3-22 + FGF                                  CB 1708 p3-22. No FGF   
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PDT          

Cell line P2 P3 P4 P5 P6 P7 P8 P9 P10 

CB 1708 10% 2.231073 2.104749 6.762748 4.968103 4.589481 #DIV/0! #DIV/0! #DIV/0! #DIV/0! 

CB 1708 10% +FGF 1.576373 0.913552 1.105503 1.212614 2.164184 1.103129 1.287593 1.112762 1.72081 

CB 1709 10%  1.449346 2.751571 4.019049 3.703464 9.148215 5.151701 3.701074 #DIV/0! #DIV/0! 

CB 1709 10% +FGF 1.018849 1.307336 1.43187 1.465663 1.293197 1.503411 1.381177 3.158644 3.569597 

CB 1710 10%  2.350599 4.842239 4.574108 5.161694 4.508738 6.625127 10.45583 23.4997 17.36897 

CB 1710 10% +FGF 1.318706 1.318706 1.26923 1.340011 1.507273 1.37909 1.762716 1.493612 1.580529 

CB 1710 Mesencult 1.227362 1.227362 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 

CB 1711 10%  2.145242 2.145242 1.897269 3.977576 3.878967 4.500323 3.624966 4.141903 3.84445 

CB 1711 10% +FGF 0.557886 0.557886 0.998801 0.893148 1.189188 1.426226 1.391561 1.750602 1.632212 

CB 1711 Mesencult #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 

CB 1712 RBC 10%  1.409806 2.275369 3.463547 2.493655 3.001202 2.99295 6.002404 7.217815 5.989858 

CB 1712 RBC 10% +FGF 1.111812 0.854056 1.199967 1.163451 1.219893 1.409289 1.216959 1.359408 1.526714 

CB 1712 RBC Mesencult #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 

CB 1712 prep 10%  1.360045 3.68331 8.659769 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 

CB 1712 prep 10% +FGF 1.29851 1.551642 1.310637 1.496541 1.54551 1.340011 1.513976 1.871224 3.5 

CB 1712 prep Mesencult #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 

CB 1713 10% 1.420707 2.164184 1.097498 2.59702 2.225274 6.119309 3.81 3.288313 7.692105 

CB 1713 10% +FGF 0.755973 0.917453 1.113784 1.197179 1.403506 1.281483 1.567066 1.13306 1.40357 

CB 1713 Mesencult #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 

Table courtesy of Sarah Lepage 
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Graphic courtesy of Sarah Lepage 
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CB 1603, n= 2 

  

 

 

Unplanned deviations and non-conformance 

None to report. Chondrogenic characterization is recommended in the future for 1 ng/ml and 10 

ng/ml concentrations (Narcisi et al 2016, Stewart et al 2007).  
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SOP #4 Chondrogenic induction medium 
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SOP #5 Membrane culture 
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SOP Deviations 

Planned deviations: 

None to report 

 

Unplanned deviations and non-conformance 

None to report 
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SOP #6 CPP culture 
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SOP Deviations 

Planned deviations: 

Culture efficacy experiments, flat surface experiments, double-layered, triple-layered 

experiments were conducted to improve CPP culture.  

 

CPP culture was modified to improve success rate of cartilage formation, surface shape and 

thickness of neocartilage. Refer to Chapter 2, and Appendix #4 for additional information of 

processes.  

- Original process had resulted in 42.8% of success rate, thickness of 0.30 mm and 

unable to perform double indentation. 

- New process allows to obtain 100% success rate, thicker cartilage and extract 

mechanical properties by double indentation. 
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- Reasons of deviation: Low thickness and uneven cartilage shape did not allow to 

perform DI test. By improving these traits extraction of properties was possible. 

- Result of deviation:  100% of culture efficacy achieved, thicker cartilage with even 

surface was obtained. Mechanical properties were characterized. 

- Approval by CLJ  

 

Process validation of SOP: 

 

Prospective validation: 

- Biochemical analysis 

- Mechanical analysis 

- Histological and immuno-histological examination 

 

Concurrent validation: 

- Mechanical analysis 

- Histological and immuno-histological examination 

- Chondrocyte viability and necrotic marker evaluation 

- Wet mass 

- Thickness 

 

Unplanned deviations and non-conformance 

Pleomorphic cartilage observed in some regions of double-layered constructs (chapter 2).  

 Recommendations 

- Further analysis of viability and necrotic markers with higher statistical power.  

- Optimization of cell densities, effect of growth factors for each layer. 

- Analysis among layers of neocartilage.  

- Dynamic culture  
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SOP #7 SOP for necrotic marker (TUNEL DeadEnd Promega) 

 

March 16, 2021 

The following protocol was adapted from the instructions from the manufacturer. 

Equipment Location 

Tissue processor Histology suite 

Embedding station Histology suite 

Staining station Histology suite 

Humidified chambers Histology suite 

 

Components Catalog 

DeadEnd TUNEL system Promega #G3250 

DAPI solution ThermoFisher #62248 

 

 
Pre-treatment of Paraffin-Embedded Tissue 
 
The following is a standard protocol for tissue sections. Optimization may be 
required for individual samples. 
1. Remove Paraffin: Wash slides twice in xylene, 5 minutes each wash. 
2. Wash: Immerse in 100% ethanol for 5 minutes. 
3. Rehydrate: Wash slides in ethanol as done for routine H&E, 2 minutes each wash. 
4. Wash: Immerse in PBS for 5 minutes. 

Apoptosis Detection 
1. Fix: Immerse slides in 4% formaldehyde in PBS for 15 minutes. 
2. Wash: Immerse slides twice in PBS, 5 minutes each time. 
3. Permeabilize: Add 100μl of a 20μg/ml Proteinase K solution. Incubate at 
room temperature for 8–10 minutes. Optimization may be required. Note: 
Longer incubations may be needed for tissue sections thicker than 4–6μm. However, with 
prolonged Proteinase K incubations, the risk of releasing the tissue sections from the slides 
increases in subsequent wash steps. 
4. Wash: Immerse slides in PBS for 5 minutes. 
5. Repeat Fix: Immerse slides in 4% formaldehyde in PBS for 5 minutes. 
6. Wash: Immerse slides in PBS for 5 minutes. 
7. Equilibrate: Add 100μl Equilibration Buffer. Equilibrate at room temperature 
for 5–10 minutes. 
8. Label: Add 50μl of TdT reaction mix to the tissue on an area. no larger than 
5 square centimeters. Do not allow tissue to dry completely. Cover slides with 
Plastic Coverslips to ensure even distribution of the mix. Incubate slides for 
60 minutes at 37°C in a humidified chamber; avoid exposure to light from 
this step forward. 
9. Stop Reaction: Remove Plastic Coverslips. Immerse slides in 2X SSC for 
15 minutes. 
10. Wash: Immerse slides three times in PBS, 5 minutes each time. 
11. Mount: Add mounting medium to slides. 
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12. Counterstain: To visualize all nuclei, use DAPI. 
13. Analyze: Detect localized green fluorescence of apoptotic tissue by confocal 
fluorescence microscopy. DAPI-stained nuclei will be blue. 

    

SOP Deviations 

Planned deviations: 

None to report 

Unplanned deviations and non-conformance 

None to report 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

238 
 

SOP #8 SOP for live/dead stain 

 

The following SOP was developed to image chondrocyte viability in non-fixed tissue in a 

confocal microscope by cell membrane integrity stain. 

Component Catalog 

SYTO 13 ThermoFisher S7575 

Propidium Iodide Sigma-Aldrich P4864 

 

1) Dual cell membrane integrity stain  

 

In a vial add, 990 µL 1X PBS. 1.25 µl Syto 13 (6.25 µM Syto 13) + 6 µl propidium iodide (9.0 

µM propidium iodide) mixed well by vortex. For each sample, use 150 µL stain, incubated at 

room temp for 15 min before imaging 

 

2) Laser scanning confocal fluorescent microscope  

Remove sample from the stain, ringed quickly with 1X PBS, then place sample with a cover 

slide for imaging 

 

Brief setting of confocal microscope  

1. Laser selection: 405 Diode, Argon, HeNe 543; Standby 20% 

2. PMT detector setting 

A. To check Syto 13 green stained cell, select 488, laser power 35%, set filter spectra, choose a 

range from 490-560, color green 

B. similar to above, to check PI red stained cell, select 543, laser power 40%, choose a range 

from 600 to 750 

C.  other setting for imaging 
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Objective: 10x magnification 

Format: 1024x 1024 pixels 

Spped: 400Hz 

Z stack: choose 0 - -50 µm, z-step size 5 µm  

Sequential scan: choose between stacks 

3. Check sample under microscope to locate it for imaging, use the controller to adjust 

4. Click “live” to start, roll the gain selector in red cycle below, choose “gain” 490 for Syto 13 

and choose “gain” 630 for PI 

5. Click “start” to obtain image, save image as Lif format file. 

 

SOP Deviations 

Planned deviations: 

None to report 

Unplanned deviations and non-conformance 

None to report 
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SOP #9 SOP for DMMB assay 
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SOP Deviations 

Planned deviations: 

None to report 

Unplanned deviations and non-conformance 

None to report 
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SOP #10 SOP for Hydroxyproline assay 
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SOP Deviations 

Planned deviations: 

None to report 

Unplanned deviations and non-conformance 

Initial measurements were incorrect for some samples. See out-of-specification report. 

 

 

 

 

 



 
 

245 
 

Out-of-Specification report 

Type of incident:  

1) Samples evaporate after incubation at 110oC (hydrolysis step) 

2) Temperature of water is not specified during the cooling step (colour development). Reagents 

solidifies and sample yields unappropriated measurements if cold water is used. 

Identified by: 

CLJ 

Description of incident: 

Initial measurements of samples took place on different days following SOP #10. After failure to 

obtain proper measurements for most samples, root cause analysis determined the issues were 

caused by improper sealing of Teflon screw cap during heating at 110oC and the use of cold 

water. Samples were re-tested with the modifications and measurements occurred without 

incident. 

 

   Root cause analysis: 

 

- Definition of the problem: Evaporation of samples. Solidification of reagents. 

- Data: Affected samples were not measured. 

- Possible factors: Pressure of during incubation may have caused evaporated sample 

gases escape through loosely caps on glass tubes. Cold water from melted ice may 

have caused the reagents solidify.  

- Identification root causes: Current SOP does not describe in detail the process for 

securing glass tubes and cooling samples. 

- Solution: Correct closure of tubes and use of RT tap water was implemented. Details 

were documented in the lab book. 
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SOP #11 Papain digestion 

  

 

 

 

 

 

 

SOP Deviations 

Planned deviations: 

None to report 

Unplanned deviations and non-conformance 

None to report 
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SOP#12 Cryopreservation 
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SOP Deviations 

Planned deviations: 

None to report 

Unplanned deviations and non-conformance 

None to report 
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SOP #13 Use of Mr. Frosty canisters 

 

 

 
  

SOP Deviations 

Planned deviations: 

None to report 

Unplanned deviations and non-conformance 

None to report 
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SOP #14 MSC Passaging 
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SOP Deviations 

Planned deviations: 

None to report 

Unplanned deviations and non-conformance 

None to report 
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SOP #15 Cleaning of biosafety cabinets 

 

 

 

 

 

 

 

SOP Deviations 

Planned deviations: 

None to report 

Unplanned deviations and non-conformance 

None to report 

 

 

 


